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special  education  of  the  USSR  as  manual  fee  the  students  of  V!J  L 
{ 9 9sp 4 - Institute  of  dinner  Education],  which  are  trained  on 
specialty  "operation  of  aircraft  and  engines". 


Publishing  house  ”.nach  ine-b  ui  Id  ing  " Moscow  1971. 
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Flight  dynamics.  Edited  by  doctor  of  technical  sciences.  Prof. 
A.  M.  Mkhitaryan,  M . , the  " machine-  building",  of  1971,  page  JhH. 

In  manual  in  accordance  witn  the  airfoil/profile  of 
train ing/pre parat i on  of  the  engineers  of  the  civil  aviation,  are 
presented  the  principles  the  dynamics  of  the  flight  of  aircrart  and 
helicopter. 

Are  examined  the  equations  of  motion  of  aircraft,  typical  of 
level  flight,  set  of  height/altitude  and  reduction/dascant , 
curvilinear  motion,  takeoff  and  landing,  distance  and  duration  of 
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flight.  Special  attention  is  aevotou  to  tne  questions  of  stability 
and  aircraft  handlinq. 


Besides  its  d i rec t/st caig ht  designation/purpose,  the  book  can  be 
recommended  to  tne  engineers  of  the  civil  aviation  and  the  aircraft 
indus  tr  y . 


Table  3.  lllust.  202.  References  2S  titles. 


Page  3. 


Foreward. 


❖ 


Manual  "flijnt  dynamics”  corresponds  to  the  program  of  the 
analogous/similat  with  it  course,  read  the  students*  who  are  trained 
on  specialty  "operation  ot  aircraft  and  engines”  in  the  schools  ot 
higher  education  of  the  Ministry  of  Civil  Aviation  of  the  USSR  and  in 
the  departments  of  the  civil  aviation  of  V(JZ  of  the 

Min  is  tr  y/depart  m»n  t of  higher  and  secondary  special  education  of  the 
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In  manual  are  examined  level  flight,  the  takeoff  and  the  set  of 
height/altitude,  reduction/descent  and  landing;  are  investigated  the 
distance  and  duration  of  flight,  the  stability  and  aircraft  handling, 
its  behavior  at  angles  of  attack  beyond  stalling  and  under  severe 
weatner  conditions.  In  the  book  is  included  the  chapter  on  principles 
the  dynamics  of  the  flight  of  helicopter. 

The  systems  of  the  differential  equations,  which  describe  the 
motion  of  aircraft,  are  examined  in  high-speed/ve  locity  and  body 
coordinate  systems. 


The  first  of  them  is  utilized  for  the  solution  of  trajectory 
problems;  the  second  - during  the  stability  analysis  of  stability  and 
aircraft  handling. 


During  the  solution  of  trajectory  problems,  is 
establish/instaliel  the  dependence  of  aircraft  performance  on  the 
parameters  of  the  trajectory  of  its  center  of  mass.  Tne  questions. 
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connecteJ  with  distance  and  duration  of  flight,  and  also  with  taxeoff 

and  landing,  are  presented  taking  into  account  the  special 

feat ure/peculia rit ies  of  the  operation  of  the  aircraft  of  the  civil 

av  iat  ion. 


Along  with  trajectory  problems  in  the  present  manual,  is  given 
sufficient  attention  to  research  on  stability  and  to  the  aircraft 
handling.  The  stability  analysis  of  stability  of  aircraft  is  based  on 
the  linear  equations  of  the  disturbed  motion*  The  equations  of  the 
disturbed  motion  are  obtained  in  the  sinqle  coordinate  system,  which 
made  it  possible  to  investigate  stability  and  aircraft  handling  on 
the  basis  of  the  c ommon/qenera 1/total  stability  theory  of  the  motion 
of  mechanical  system. 


The  volume  of  separate/individual  sections  of  a book  and  the 
sequence  of  their  presentation  are  caused  by  the  specific  character 
of  this  course  and  by  the  many-year  experiment  of  its  teaching. 


Page  4 
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The  book  is  written  by  the  collective  or  the  authors: 
introduction  and  chapter  xvill  - by  Prof.  A-  ,1 . Mkhitaryan;  chapter  1 
- by  Prof.  R.  A.  Mezhlumyan  and  by  Prof.  V.  S.  Maximov;  chapter  II, 
VI,  VII  - by  Prot.  V.  S.  Maximov;  cnapter  III  - by  instructor  ?• 
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VIII,  IX,  XII,  XIV  - by  Prof.  P.  A.  Mezhlumyan;  chapter  X,  XI,  YIII, 
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In  troduct ion. 


V.  1.  Ob ject/sub ject  the  dynamics  of  flight. 


Flight  dynamics  is  science  of  the  laws  of  the  motion  of  flight 
vehicles.  In  the  dynamics  of  flight,  the  motion  of  flight  vehicle  is 
considered  as  totality  of  two  motions:  forward  motion  at  the  velocity 
of  its  center  of  mass  and  rotary  around  the  center  of  mass. 


In  chapter  I#  is  examined  the  mechanical  analog  of  flight 
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vehicle  and  they  are  derive/concluded  equation  ot  motion  of  its  in 
h ig h- s peeu/ ve loc i t y and  body  coordinate  systems. 

In  chapter  II-VII,  is  studied  the  motion  of  the  carter  of  mass 
of  flight  vehicle  under  the  action  of  the  main  vector  R of  ail 
external  forces.  The  investigation  of  the  problems, 

exami ne/cons iderad  in  the  indicated  chapters  of  course,  is  based  or 
methods  the  dynamics  of  material  point  with  equal  in  mass  to  flight 
vehic  le. 

\ 

Among  the  wide  circle  of  the  tasks  of  flight  dynamics  great 
practical  value  they  have  tasks,  connected  with  research  on  the 
uniform  rectilinear  motion  of  flight  vehicle  whose  solution  makes  it 
possible  to  determine  the  flight  speed,  tne  rate  of  climb,  the 
distance  and  the  duration  of  flight  and  other  characteristic 
parameters  of  the  motion  of  flight  vehicle. 


By  the  steady  flight  ot  flight  vehicle,  is  understood  this 
motion,  during  wnich  the  kinematic  parameters,  which  characterize 
motion,  do  not  depend  on  time,  the  steady  flight  it  is  possible  to 
present  virtually  as  motion  of  flight  vehicle  with  negligeably  low 
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decelerations  which  can  arise  or.  the  individual  sections  of  the 
flight  trajectory. 


Transient  flight  - the  motion  of  the  flight  vehicle  at  which  it 
Kinematic  parameters  cnange  in  tirne- 


Investigation  of  unsteady  flight  makes  it  possible  to  evaluate 


the  maneuverable  properties  of  flight  vehicle. 


The  maneuverability  of  flight  vehicle  is  called  its  ability  for 
the  determined  time  interval  to  change  rate,  heading  and  the 
a tt i t ude. 


Page  6. 


The  behavior  or  aircraft  at  angles  of  attack  beyond  stalling  and 
under  severe  weather  conditions  is  described  in  chapter  the  XVI  and 
XVIII*  but  principle  the  dynamics  of  the  flight  of  helio°ptpr  - in 
chapter  XIX. 
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V.  2.  Principles  of  the  flight  of  flight  vehicles. 


for  tne  realization  of  the  flight  of  any  flight  vehicle  it  is 
necessary  to  create  lift  for  the  overcoming  of  gravity  and  thrust  for 
the  overcoming  of  the  impedance  of  air  medium.  Depending  on  the 
method  of  designing  of  lilt,  they  distinguish  three  types  of  the 
apparatuses;  apparatuses  easier  than  air,  that  use  aerostatic 
principle  of  lift  formation,  apparatuses  heavier  than  air,  that  use 
aerodynamic  principle  of  lift  formation,  and  apparatuses  by  the  get 
principle  of  lift  formation- 


The  aerostatic  principle  of  flight  is  based  on  Archimedes 
principle.  Examples  of  the  flight  vehicles,  which  use  this  principle 
of  flight,  are  the  balloons  and  the  airships. 


The  aerodynamic  principle  of  flight  is  based  on  the  use  of  the 
lift  of  wings,  which  appears  during  the  motion  of  flight  vehicle.  In 
this  case,  in  aircratt,  the  wings  are  fixed  and  connected  with  its 


DOC 


7t>0  113  1b 


PACE  11 


body,  but  or  helicopters  they  rotate  and  are  pLopellers- 


The  jet  principle  of  flight  is  based  on  the  overcoming  of  tie 
toice  or  gravitational  field  by  the  reaction  ot  masses  jases  ejected 
from  propulsion  nozzle.  An  example  of  the  flight  vehicle  of  the  jet 
principle  of  flight  is  the  rocket. 


The  flight  ot  flight  vehicle,  which  is  realized  with  the  aiu  or 
the  tnrust/rod,  developed  with  engine,  is  called  powered  flignt. 
power-oft  flight  is  realized  with  the  shut-down  engines,  for  example 
aircraft  during  takeoff,  the  gain  ot  altitude,  level  flight  with 
those  which  wo rx  with  engine  completes  powered  flight,  and  during 
powerless  glide,  it  d vigatel^misoverwaet  passive.  Depending  on  the 
relationship  between  the  extent  of  the  active  and  inactive  1 s of 
flight,  flight  vehicles  can  be  divided  into  two  classes:  flight 
vehicles  with  the  large  powered  flight  trajectory  of  flijht 
(aircraft,  helicopters)  and  flight  vehicles  with  large  inactive  leg 
(g 1 id ei/air frames)  . 


The  yiven  classification  of  flight  vehicles  according  to  the 
principle  of  tweir  flight  is  several  conditional#  since  with 
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development  of  technology  appeal  t he  flight  vehicles,  which  uso 
aerostatic  and  aerodynamic  principles  of  fliyht.  Thus,  t or  instance, 
airship,  equipped  with  powerful  power  plant,  can  accomplish  tlignt  at 
the  con  par  at  i v ely  high  rate  {^OO-jOO  km/h)*  at  which  already  it  is 
not  possible  to  iisreqard  its  hoisting  aerodynamic  force. 


Page  8. 


Therefore  in  the  contemporary  projects  of  airships,  is  provided  for 
the  very  active  use  of  an  aerodynamic  lift  by  the  imparting  to  the 
airship  hull  of  special  form.  It  is  cannot  also,  strictly  speakin;, 
to  relate  contemporary  jet  aircraft  or  cruise  missile  to  the  flight 
vehicles,  which  accomplish  flight  only  on  the  basis  of  aerodynamic 
principle,  since  tne  fraction  of  the  direct  participation  of  reaction 
force  in  the  overcoming  of  gravity  in  the  various  stages  of  flight  is 
very  significant. 


The  flight  vehicles  of  contemporary  civil  aviation  are  related 
basically  to  the  flight  vehicles  of  the  aerodynamic  principle  of 

flight. 
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V.  3.  Short  outline  ot  advancement  ot  science  the  dynamics  of 

tl ight. 


The  theory  ot  the  flight  of  flight  vehicles  virtually  rises  Iron 
its  from  the  80th  the  years  ot  past  century. 


In  1881  in  Russia,  marine  officer  Aleksandr  Fedorovich 
Mozhayskiy  invented  flight  vehicle  heavier  than  air,  named  to  them 
"flight  projectile".  Through  four  years  the  apparatus  is  bygone  is 
constructed,  out  with  takeoff  injured.  The  circuit  analysis  of  the 
aircraft  Mozhaisk  shows  that  its  designer  completely  distinctly 
visualized  the  basic  condition/positions  of  the  theory  ot  the  flight 
of  the  vehicle  ot  aerodynamic  principle.  Its  aircraft  had  the 
aerod y na mic  configuration,  close  to  con te rapor a t y:  wing,  fuselage, 
horizontal  and  vertical  tail  assemblies,  control  surfaces, 
chassis/landing  gear,  engine  plant. 


Hardly  compiling  tins  diagram  of  aircraft  can  be  explained  by 


Aleksandr  Fedorovich  Mozhayskiy's  only  intuition.  Here  great 


DOC 


760  1 1 136 


PAGE  14 


significance  nad  the  experimental  work,  carried  out  is  it  before  *ho 
construction  ot  aircraft,  in  particular,  experiments  on  kites  and 
sail  law  courts,  an  1 also  distinct  knowledge  of  the  theory  of  ship, 
it  is  known  also  that  'lozhaisk  the  tales  are  executed  the  first 
aerodynamic  designs,  for  example  the  calculations  o i the  rectilinear 
steady  flight  of  aircraft. 


And  only  later  approximately  20  years,  in  190J,  the  American 
designers  the  brothers  j.  o.  Wright  constructed  the  aircraft  on  which 
it  was  possible  to  complete  a series  of  flights. 


In  1892  appeared  the  work  of  Nicholas  Yegorovich  Joukowski  "on 
the  soar  ing/steaiuin  g of  birds"  in  which  in  the  essence  for  the  first 
time  of  tale  were  presented  the  theoretical  principles  of  the  motion 
of  aircraft  during  gliding/planning,  were  established/installed  the 
dependences  between  the  angle  of  attack,  the  flight  path  angle  and 
the  gliding  speed. 


The  same  time  includes  the  first  works  on  the  theory  of  the  the 
aerostation  of  the  founder  of  the  cosmonautics  of  Constantine 
Eduardovich  Tsiol kovs k i y,  who  created  the  principles  of  the  theory  of 
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the  flight  of  st-iged  rockets  and  developed  the  theory  ot  the 
con trolled  airships. 

In  1894  k.  E.  i’s  i olx  ovsk  i y published  article  "airplane  or  ♦•he 
bird- like  (aviation)  t lying  machine"  in  which  was  bygone  for  the 
first  time  was  proposed  the  analytical  method  of  calculation  of  speed 
and  required  power  for  a level  flight. 

Page  9. 


Other  researchers  obtained  these  results  considerably  late. 

This  same  time  includes  the  works  of  the  scientists,  directed 
toward  compiling  the  stability  theory  of  flight.  It  should  be  noted 
that  the  theory  of  the  static  stability  of  flight  arose  as  a result 
of  applying  the  detailed  by  this  time  theory  of  the  static  stability 
of  ship-  whose  principles  tale  were  laid  in  the  investigations  of 
Euler's  Leonard  as  early  as  in  1749. 
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More  complex  questions  arose  in  the  examination  of  the  stability 
of  motion  of  airdatt.  As  principle  for  compiling  tne  stability 

theory  of  aircraft  served  N . Ye.  Joukowsk i • s doctoral  dissertation 

j 

"a/ bout  strength  of  motion",  which  it  shielded  in  1882.  3y  strength  of 
motion,  N.  Ye.  Joukowski  under  stood  the  conditions  under  which  is 
retained  the  trajectory  of  the  undisturbed  motion. 


The  principles  of  the  contemporary  stability  theory  of  the 
motion  of  tale  are  given  in  1892  to  A.  M„  Lyapunov  in  his  doctoral 
dissertation  "general  problem  of  stability  of  motion".  The  stability 
theory  of  A.  M.  Lyapunov  afforded  possibility  to  construct  th-3  theory 
of  transient  stability  of  flight  vehicles  generally  and  aircraft  in 
particular . 


The  first  two  decades  of  the  twentieth  century  are 
characteristic  by  the  searches  for  the  aerodynamic  configurations  of 
aircraft,  providing  safe  - stable  and  controlled  - flight,  which,  in 
turn,  required  the  furtner  development  of  theory. 

In  1909  in  the  Moscow  higher  technical  school  by  N.  Ye. 

Joukowski  is  bygone  is  for  the  first  time  read  the  course  of  lectures 
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on  the  theoretical  principles  of  aeronautics. 


In  1913  N.  Ye.  Joukowski  read  the  course  of  lectures  for  the 
officer-pilots,  whereupon  he  published  in  1913  and  1916  under  the 
identical  name  of  the  "dynamics  of  airplane  in  elemental/ 
presentation"  two  articles,  dedicated  the  dynamics  of  the  flight  of 
aircraft.  In  these  articles  weie  examined  the  questions  of  balance 
and  stability  of  aircraft,  and  is  also  bygone  was  developed  the 
graph cana 1 yt ica 1 method  of  the  airplane  performance  computation  (the 
so-called  method  of  Joukowski's  thrust/tods)  who  widely  is  applied  up 
to  now.  in  1917  is  uygone  is  published  its  work  "aerodynamic  design 
of  airplanes".  By  direct  continuer  N.  Ye.  Zhukovskogov  stability 
theory  is  bygone  V.  P.  Vetchinkin,  the  for  the  first  time  proposed 
method  of  the  calculation  of  the  forces,  applied  by  pilot  to  control 
levers  of  aircraft  during  piloting. 


S.  A.  Chaplygin  in  work  "to  the  ccmmon/general/tot al  airfoil 
theory  of  monoplane"  (1922)  generalized  the  results  of  investigations 
in  the  airfoil  theory  of  aircraft  and  obtained  a series  of  the  new 
properties  of  the  wing  profiles,  determining  the  stability 
character istics  of  flight.  This  work  had  exclusively  an  important 
effect  on  the  development  of  investigations  in  the  field  of  the 
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theory  of  longitudinal  stability. 
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P.  N.  Nesterova’s  flight  experiments  (loop,  bank/curn),  < . K. 
Artseulova  (corksc rew/spin)  in  many  respects  contributed  to 
advancement  of  science  the  dynamics  of  flight. 


Tie  large  role  in  the  development  of  the  soviet  aviation 
generally  and  the  theory  of  flight  in  particular  played  the  powerful 
scientific  research  collectives,  organized  by  the  Soviet  government: 
central  aer oh  yd  rod y nam ic  institute,  flight-test  institute,  etc.  works 
of  V.  P.  Vetchinkin,  li.  T.  Goroshchen ko , V.  S.  Vedrova,  A.  N . 

Zhura  vchenko,  i.  V.  Ost  os  la  vskogo,  V.  S.  Pyshnova,  P.  N.  Yur'yeva  at.  i 
other  scientists  contributed  to  the  further  of  the  development  of  the 
Soviet  science  ot  the  dynamics  of  flight. 


Large  services  in  the  expansion/disclosure  of  the  aaneuveral le 
and  flight  properties  of  aircraft  belongs  to  the  gifted  pi  lot- testers 
of  that  time  - to  M.  M.  Gromov,  the  V.  K.  Kokkinak,  to  V.  p.  Chkalov 
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The  renowned  designer  collectives  of  0.  K.  Antonov,  s.  V. 
Il'yushin,  A.  N.  Tupolev,  A.  s.  Yakovlev  created  the  const  ruct  ioi.  s , 
ensuring  t tie  high  aerodynam  ic  and  flight  properties  of  the  Soviet 
aircraft  of  the  civil  aviation. 


A whole  series  of  the  new  tasks  before  flight  dynamics  placed 
aviation  in  connection  with  the  appearance  of  jet  aviation  engines. 
The  qualitatively  new  phenomena,  which  re  veal/det  ect/sx  nos  ee  d a+  high 
velocities  of  flight  of  aircraft,  required  the  new  solutions  of  the 
problems  of  aerodynamic  design,  maneuverability , controllability  ana 
stability  of  flight.  These  problems  of  talc  are  successfully  solved. 
Evidence  to  this  - compiling  supersonic  passenger  aircraft  Tu-144. 

The  history  of  the  development  of  rotating  wing  aircraft  and 
compiling  the  theory  of  their  flights  also  are  inseparaoly  connected 
with  Soviet  science.  Already  M . V.  Lomonosov  in  1754  designed  and 
constructed  the  flight  vehicle,  intended  for  meteorological 
investigations  and  which  was  the  prototype  of  contemporary 
helicopters,  "airfield  machine",  as  named  his  vehicle  brilliant 
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scientist,  had  the  cotot,  which  was  being  given  to 

rotat  ion/re  volutior  u y spring,  and  screw/propeller  tor  the  damping  ot 
reactionary  torque. 


tav  in  171  years  of  Acaden'ician  M.  A.  ^ykachev  conducted  the  first 
caret ul  experiments  in  the  determination  of  the  aerodynamic 
properties  ot  totor.  In  1930  n the  Soviet  Union,  wera  initiated 
virtually  the  maiden  tlights  on  the  helicopter  which  wis  bygone  was 
constructed  according  to  the  diagram,  proposed  by  B.  N.  Yur'yev. 


From  this  time  begin  also  serious  investigations  in  the  dynamics 
ot  the  flight  of  rotating  wing  aircraft-  Large  services  in  compiling 
this  theory  belongs  to  the  Soviet  scientists  to  I.  P.  Bratukhin,  to 
N.  1.  Kamov,  to  M.  L.  Milyu,  to  A-  M-  C he r emu kh in , to  B.  N.  Yur'yev, 
to  A.  s.  Yakovlv  and  by  many  by  others. 


Page  1 1. 


The  combination  of  the  special  feature/peculiarities  of 
helicopter  and  aircraft  found  embodiment  in  VTOL  aircraft  in  wnich 
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are  combined  the  explicit  advantages  of  no-airport  oasing  and  the 
higti  velocity  of  level  flight,  many  questions,  which  relate  to  the 
design  of  such  aircraft,  are  solved  in  present  time. 


On  the  successes  of  Soviet  science,  the  dynamics  of  the  fligh” 
of  flight  vehicles  testify  the  achievement  of  the  Soviet  Union  in  the 
master y/adopt ion  of  outer  space,  which  found  its  expression  in  the 
start ing/lau ucn ing  of  the  first  in  the  world  artificial  Earth 

satellite  on  4 October,  1957,  in  the  first  space  flight  of  Yu.  A. 
Gagarin  on  12  April,  1961,  in  a series  of  the  further  manned  space 
flights  and  especially  in  the  automatically  controlled  flights  with 
soft  landing  under  conditions  of  lunar  gravity  and  with  the  return  of 
vehicles  on  the  Earth. 


Page  12- 
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CHAPTER  I. 

EQUATIONS  OF  MOTION  OF  AIRCRAFT 

1.1.  Basic  principles  of  the  mechanics  of  the  driving  body,  of  the 
coordinate  system. 


Cont emporary  aircraft  is  mechanical  system  from  the 
interdependent  structural  cell/elements,  which  fulfill  the  different 
functions  also  of  the  having  different  number  degrees  of  freedom.  The 
mass  of  aircraft  changes  in  time  as  a result  of  tne  burnout,  dropping 
in  flight  of  loads. 


the  account  of  all  degrees  of  freedom  and  change  in  the  mass 
during  the  analysis  of  the  motion  of  aircraft  leads  to  complex 
mechanical  analog,  therefore,  compiling  an  eguation  of  motion, 
usually  they  simplify  the  mecnanical  analog  of  aircraft.  So,  for 
example#  in  many  instances  aircraft  represent  as  one  deformed  body  of 
constant  mass,  helicopter  - as  system  of  several  solid  boi ips  of 
constant  mass,  connected  between  themselves  with  -joints,  rocket  - is 
one  solid  body  of  variable  composition. 


Speaking  about  tne  notion  of  body,  is  implied  its  displacement 
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in  space  and  in  time  relative-  to  any  otner  body,  called  reference 
system.  The  position  of  the  body  in  jUestion  relative  to  reference 
system  is  determined  oy  tne  appropriate  parameters. 


In  mechanics  are  distinguished  inertial  and  noninertial 
reference  systems.  By  inertial  reference  system  is  called  the 
coordinate  system,  connected  with  the  so-called  "fixed"  stars  or  with 
the  body  of  readinj,  which  are  moved  in  space  on  inertia  (at  constant 
velocity)  and  r ect i linear  ly  relative  to  "fixed"  stars.  Tha  systems, 
which  do  not  satisfy  these  conditions,  are  called  noninertial*  In 
nonineLtial  systems  the  law  of  inertia  does  not  occur. 

In  inertial  reference  system,  the  motion  is  described  by  two 


vector  equations: 
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where  the  (j—  it  is  described  the  main 

/ 

momentum  vector  of  system;  A’=^(r/ x m^V,)  are  the 

I 

main  moment  of  momentum  of  system  relative  to  the  selected  reference 
point. 


Page  Id. 


Aircraft  is  in  the  general  case  the  deformed  body  of  variable 
mass..  However,  changes  in  its  mass  are  so  unessential,  that  them  in 
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the  majority  of  cases  can  Do  disregarded  ana  considered  aircraft  the 
tcdy  cl  constant  mass. 


it  we  consider  aircraft  as  solid  body  of  constant  mass,  then 
system  of  equations  (1.  1)  it  is  possible  to  write  in  the  form 


m 


•JK_ 

lit 


(1  •*) 


where  e and  * - respectively  main  vector  and  the  main  moment  of  the 
external  forces,  which  act  on  aircraft;  "v  is  a velocity  vector  of  the 
motion  of  the  centei  of  mass. 


The  system  of  equations  (1.2),  presented  in  vector  form, 
determines  a change  in  the  kinematic  parameters  of  the  motion  of 
aircraft  as  a whole  under  the  action  of  the  assigned  external  forces. 
In  this  case,  if  we  the  point  of  the  a ppl icat ion/a ppend ix  of  external 
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forces  combine  with  the  centoi  of  mass,  then  the  main  vector  P at  : 
the  mam  torque/moment  v.  will  determine  change  the  paramatet  of 
trajectory  and  angular  position  ol  aircrart. 


The  position  of  aircrart  in  space  is  determined  by  the 
integration  or  the  system  of  differential  equations  (1.20  under  the 
assigned  initial  conditions. 


For  research  on  the  motion  ot  arretaft  usually  the  system  of 
vector  equations  (1.2)  they  represent  in  scalar  form,  i.e.,  they 
examine  it  in  projections  on  the  axis  of  one  coordinate  system  or  th 
other.  The  form  ot  scalar  differential  equations  in  many  respects 
depends  on  the  coordinate  system;  therefore  the  selection  of  system 
depends  on  the  character  of  assigned  mission  for  the  tat ge t/pu rpose 
of  lightening  its  solution. 


in  tne  dynamics  of  flight,  arc  applied  the  right-handed 
coordinate  systems  in  which  the  dotation  of  axle/axis  3x  on  ir/2  is 
glad  to  its  coincidence  with  axle/axis  Oy  it  is  conduct?!  against  th 
course  of  hour  hand,  if  we  look  from  the  end  of  axle/axis  Oz  at  the 
origin  of  coordinates.  Passage  from  one  coordinate  systora  to  another 
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it  is  possible  t°  carry  out  with  three  rotations  of  the  system  of 
relatively  initial  position  with  its  suuseguent  transfer  it  began 
coordinates  to  coincidence  with  the  origin  of  the  coordinates  of 
another  system. 


Page  15. 


The  reading  of  anjles  and  senses  ot  the  vector  of  angular  rate  ot 
rotation  in  this  case  is  made  through  the  following  rule:  as  positive 

angle  is  accepted  the  angle  between  the  pivoted  axle/axis  and  its 
projection  on  the  coordinate  plane,  which  contains  rotational  axi.>» 
when  rotation  he  is  realized  counterclockwise  by  an  observer#  who 
stands  facing  the  origin  of  coordinates;  as  the  positive  direction  ot 
the  angular  velocity  vector  of  rotation/revolut  ion,  is  accepted  the 
direction,  which  coincides  with  the  positive  direction  of  axle/axis. 
During  the  rotation  ot  system  around  axle/axis  through  positive 
vector  angle,  of  angular  rate  of  rotation  is  applied  ir  the  beginning 
of  coordinates  and  is  directed  along  the  positive  direction  of  the 
axle/axis  around  which  is  realized  the  rotation. 


The  coordinate  systems  are  classed  according  to  form,  according 
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to  the  location  of  the  origin  of  coordinates  and  according  *0  the 
orientation  of  axle/axes. 


By  form  distinguish  the  rectangular,  spherical,  cylindrical, 
geographical  coordinate  systems.  On  the  location  of  the  origin  of 
coordinates  - geocentric  with  the  otiyin  of  coordinates  in  the  center 
of  earth,  planet-centered  with  beginning  coor dinatesin  the  center  of 
planet,  yeot.opical  witu  the  origin  of  coordinates  on  the  surface  of 
earth  and  connected  with  the  origin  of  coordinates  in  tha  center  of 
mass  of  flight  vehicle.  The  orientation  of  the  axle/axes  of  the 
coordinate  system  in  each  concrete/specific /actual  case  can  be 
selected  differently  depending  on  assigned  mission.. 


With  presentation  the  dynamics  of  the  flight  of  aircraft  use  in 
essence  the  recfinguiar  geotopic  and  body  coordinate  systems. 


Fixed  terrestrial  rectangular  coordinate  system 

(Wr) 


The  origin  of  coordinates  can  ue  arranged  in  the  arbitrary  point 
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of  the  eaith's  surface.  The  axle/uxis  of  OxK  lie/rests  at  the 
local  horizontal  plane  (direction  of  thy  axle/axis  of  Oxf  can  be 
selected  arbitrarily)  ; the  axle/axis  of  Qyf  is  perpendicular  to 
the  local  horizontal  plane  and  is  directed  upward;  the  axle/axis  of 
Oz'g  is  perpendicular  to  the  plane  of  xfOi/f  and  ^-s  directed 
to  the  right  from  observer,  who  stands  in  the  beginning  of 
coordinates  and  viewer  alony  the  axle/axis  of  0xg. 


Rectangular  coordinate  systems#  connected  with  th°  center  of  mass  of 

aircraft. 


The  earth-basea  coordinate  system  of  {.xtygzt).  The  direction 
of  the  axle/axes  of  system  coincides  with  the  direction  of  t he 
axle/dxes  of  terrestrial  surface  system. 


The  wind  coordinate  system  of  (xcy,.zc).  The  axle/axis  of 

0xc  is  directed  posiyrade  flight  tangentially  toward  trajectory; 

the  axle/axis  of  0yc  lie/rests  at  the  plane  of  the  symmetry  of 
aircraft;  the  axle/axis  of  Ozc  is  directed  to  the  side  of  the 
right  along  flight  outer  plane  of  wing. 


DOC  = 7601  1336  PAGE 

Page  15. 


Fig.  1-1-  The  relative  locat 


sy  ste  ms. 
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H igh- speed/veloci t y system  it,  oriented  relrtive  to  earth-based 
coordinate  jystei  by  thret  angles  (Fig.  1.1):  by  the  ingle  of  the 

if,.  between  the  projection  of  velocity  vector  on  the  local 
horizontal  plane  and  the  axle/axis  of  Oxt\  the  flight  patr.  angle  G 
- between  the  axle/axis  of  >v  and  the  local  horizontal  plane; 

the  angle  of  the  0xr  between  the  axle/axis  of  Oyr  ar.l  the 
local  vertical  plane,  which  contains  the  axle/axis  of  0xc. 


In  order  to  pass  from  earth-based  coordinate  system  to 
high-speed/velocity,  it  is  necessary  to  turn  terrestrial  system 
relative  to  the  axle/axis  of  Oy . to  the  angle  ot  if,.  • then 

around  axle/axis  oz  * to  angle  ti  and  finally  around  the  axle/axis  of 
Oxr  to  the  angle  of  yc. 


body  coordinate  system  Axle/axis  Ox,  is  directed 

forward  in  parallel  to  the  mean  aerodynamic  chord  of  wing  and 
lie/rests  at  the  plane  of  the  symmetry  of  the  aircraft:  axle/axis  Oy, 
lie/rests  at  -tne  plane  of  symmetry  and  is  directed  upward;  axle/axis 
Oz , the  perpendicular  to  plane  x,Oy,  and  is  directed  to  the  side  of 
the  right  outer  plane  of  wing,  body  coordinate  system  is  oriented 
relative  to  terrestrial  by  three  angles  (Fig.  1.2):  by  the  yaw  angle 
- between  the  projection  of  axle/axis  ox,  on  the  local  horizontal 
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plane  and  tne  axle/axrs  of  , Ox„-,  the  pitch  anyle  » - between 
axle/axis  Ox,  and  the  local  horizontal  plant;  the  attitude  y - 
between  axle/axis  Oy,  and  the  local  vertical  plane,  which  contains 
axle/axis  Ox,- 

In  order  to  pass  from  earth-based  coordinate  system  to  that 
which  was  connected,  rt  is  necessary  t.o  first  turn  terrestrial  system 
around  the  axle/axis  of  Oyt  to  anyle  oty,  then  around  axle/axis 
Oz  * to  angle  d and  finally  around  axle/axis  Ox,  to  angle  y. 

Hiyh-speed/ve  locit  y and  Lody  coordinate  systems  are  oriented 
relative  to  each  other  ny  two  angles  (Fiy-  1.3):  by  findle  of  attack  a 
- net  ween  the  projection  of  th<  axle/axis  or  Ox,  (velocity  vector) 
to  the  plane  ot  the  symmetry  ol  aircraft  and  axle/axis  Ox,;  by  angle 
0 - between  t hr  xxle/axis  of  Oxc  and  the  plane  of  symmetry. 


DOC  = 7 b 0 1 1 1 J b 

PACK 

Page  Tc. 

M 

Fig.  1.3.  Relative  location  high-speed/ve  loci  t y and  body  coordinate 

systems. 
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Ir.  order  to  pass  troi  body  coordinate  system  to 
high-speed/velocity,  it  is  necessary  to  turn  body-fixed  system  around 
axle/axis  02,  to  angle  a,  and  tnen  around  the  axle/axis  of  0yr  to 
angle  p. 


Half-connected  coordinate  system  (x'y'z*).  Axle/axis  Ox* 
coinciues  with  the  projection  of  the  velocity  vector  of  the  center  of 
mass  on  the  plane  of  the  symmetry  of  aircraft;  axle/axis  Oy* 
lie/rests  at  the  plane  of  the  symmetry  of  aircraft;  axle/axis  Oz'  is 
perpendicular  to  plane  x'Oy*  and  is  directed  to  the  side  of  the  right 
outer  plane  of  wing.  The  ha  if -conn  ected  system  is  oriented  by 
relatively  high-speed/velocity  angle  p. 


During  positive  motion  and  bank,  the  half-connected  coordinate 
system  coincides  with  high-speed/velocity. 

During  the  study  of  the  motion  of  aircraft  in  the  lower  layers 
of  the  atmosphere  the  coordinate  system  can  be  considered  inertial. 
System  of  equations  (1./)  makes  it  possible  to  investigate  both  the 
trajectory  tasks  and  the  tasks  of  the  orientation  of  aircraft 
relative  to  inertial  reference  system. 
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Duiinj  the  study  of  tne  trajectory  or  the  motion  of  the  center 
of  mass,  usually  is  accepted  the  second  equation  of  system  (1.2)  as 
that  becom  inq  identical  and  is  limited  oy  the  solution  to  only  first 
equation  of  system  (1.2).  The  indicated  condition  is  provided  Pv  the 
appropriate  control  displacements  of  aircraft,  (by  elevators  and 
direction,  by  ailerons). 


Durinq  the  analysis  of  the  r ot at  ion/ re vo lu ti on  of  the  aircraft 
of  its  relatively  center  of  mass,  it  is  necessary  to  examine  both 
equations  ot  system  (1.2).  The  tasks  of  this  circle  are  one  of  the 
stages  ot  the  determination  of  the  dynamic  properties  of  aircraft  and 
are  tightly  connected  with  the  solution  to  the  stability  problems  and 
controllability. 


1.2.  Equations  of  motion  of  aircraft  in  body  coordinate  system. 


By  the  arbitrary  body  coordinate  system,  is  understood  the 
system  whose  axle/axes  have  fixed  attitude  relative  to  aircraft.  A 
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special  case  of  this  system  is  the  body-fixed  system  with  beginning 
in  the  center  of  mass,  in  body-fixed  systems  torque/moments  the 
inertias  of  aircraft  with  the  constant  of  its  masses  Jo  not  depend  on 

time- 
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Pi'3~  1.4.  To  t e la  1 1 on  s n i p determination  between  the  kinematic 

parameters  ot  motion  in  the  connected  and  earth-based  coordinate 
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As  it.  is  oygone  shown  xn  $ 1.1,  loi  tnseaich  on  the  morion  of 
aircraft,  tne  system  ot  vector  equations  (1.2)  is  examined  in 
projections  on  tne  axis  ot  the  selected  coordinate  system,  as  a 
result  ot  wnich  instead  ot  equation^.  (1-2)  is  obtained  sys hr  six  of 
scalar  ditferential  equations  of  motion#  wnich  relate  tne  kinematic 
parameters  ot  motion  .ith  forces  and  the  torq  uo/momen  ts  # which  act  >n 
a i r cr  a 1 1 . 


The  selection  ot  the  axes  as  it  is  shown  above,  is  determine!  ny 
the  character  of  the  tasks  in  question.  So,  research  on  trajectory 
tasks  usually  is  conducted  in  wind  coordinate  system;  the  tasks  of 
stability  and  controllability  as  a rule,  are  examined  in  body 
coordinate  system.  Both  these  coordinate  systems  move  in  space#  since 
their  beginning  is  combined  with  tue  center  of  mass  of  aircraft. 


bet.  us  examine  passage  tiom  earth-based  coordinate  system  to 
arbitrary  that  wnichwas  connected.  For  this  purpose  is  consistent  the 
arbitrary  body-fixed  system  coordinates  xyz  with  the  terrestrial 

xty„2t.  Is  attained  three  last  three  rotations  ot  system  xyz 

relative  t0  xtiyt2t  (Fig.  I.1*);  the  first  - around  the  axle/axis 

of  0y„  to  angle  £ dt  the  angular  velocity  d^/dt;  the  second  - 
around  axle/axis  Oz  * to  angle  f at  the  angular  velocity  d 6/dt  and 
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the  third  - around  axle/axis  Ox  to  angle  </>  at  the  angular  velocity 
d#/dt.  Then  the  projections  of  the  <»*,  w«  of  mgular 

velocity  vector  "5,  wuich  determine  the  rot  a tion/i  evol  u t i on  of  system 
xyz  relative  to  xt\Uzt’  or  the  coordinate  axes  of  system  xyz 

it  is  possible  to  write  in  the  form 


during  the  r ot a t ion/rn vo] ut i on  of 
xtytz , unit  vectors  1,  -),  it. 


system  xyz  relative  to 
which  determine  lirectior. 


of 


axle/axes  Ox,  Oy,  Oz,  accomplish  the  rotary  motion  ot  th?  r<‘lmv  ly 


unit  vectors  of  tne 


ol  the  determining  directions 


Oxg,  Oyt,  Oz t. 
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Since  any  the  assi-jnoo  in  s|.ace  ii  module/modulus  and  direction 
arbitrary  vector  a does  not  depend  on  the  selection  ot  tne  coorainate 
systems  (it  ls  invariant  to  them),  it  it  is  possible  to  write  if.  “he 

form 


a—a^+fl„/  f a,k. 


(1.4) 


ditterentiatin j this  relationship  with  respect  to  time  t,  we 
will  obtain  the  following  expression  tor  a derivative  of  a vector 


da 

dt 


— — 4*  ~~~  j "I-  — — k 


dt 


dt 


dt 


ax  — -\-at  -(-a, 

* dt  "dt 


dk 

dt 


(1.5) 
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egual  to: 
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l,  1*  on  Bodu  ltj/nodu  lus  equal  to  unity#  they 
velocity  ~u.  Therefore  their  tine  derivatives  are 


»• 

u 

I It 


=«x7. 


(1.6) 


dt 


substituting  (1.6)  in  (1.5),  we  will  obtain 
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da 

dl 


dAL)  -\- 

dt  dl  ' 


-{-  a^utxi)  !-a„( »>X  y')-f-<M*X  ?). 

(1.7) 


the  hirst  three  of  terms  in  equality  (1-7)  they  characterize  the 
rate  ot  change  in  v ctoi  received  by  observer,  who  rotates 
together  with  the  coordinate  system-  They  define  so  that  called  local 

der iv  at  x ve : 


da  _da,-‘  . da,  ~ . da,  - 
dl  dl  T dl  7 1 dl 


(1-8) 


the  second  three  ot  terms  in  equality  (1.7)  it.  is  possible  to 
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write  (on  the  basis  of  the  properties  of  the  product  of  two  vectors) 
as 


«,  (•  X +o,(»»X*)=*Xa.  (1.9) 


by  substituting  (1.8)  ana  (1.9)  in  (1.7),  we  will  obtain 


£-+«xi.  o->°> 
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Expression  ( 1 . 10) 
between  the  absolute 

We  will  ne  turne  ] 
formulas  (1.10)  time  <1 
of  momentum  can  be  pre 


by  substituting 
eguat ions 


PAGE  <j» 

establ ish/i asta 1 Is  com  m unicat ion /connect  ion 
— and  the  local  — - by  der ivati ves- 

dt  dt 


now  to  system  (1-2)-  Taking  into  account 
rrivatives  of  the  velocity  vectOLS  and  moment 


serted  in  tne  form 


(l.H) 

dt  at 

‘E—*«+ZXK.  (1.12) 

dt  dt 


-11)  and  (1.12)  in  (1.2),  we  will  obtain 


of  motion  in  the  following  form: 
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**-f*XA'=Af. 

dt 


(1.13) 

(1-14) 


desi y n/pro jac t in j in  equations  (1.1J)  and  (1.14)  vector  yuanople 
on  the  axis  o£  coordinates,  we  will  obtain  the  following  systems  of 
equations  of  motion  in  projections  on  the  axis  of  the  arbitrary  tody 

coordinate  system: 
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m a>uV,  — '0iVu')  — 

m = 

m |-^i-  + “r^if-U,i/'/x)==  V 

\ (it  1 

-—£  -{-  WyK  t U>,Ky—  ^ A ^ 1 X > 

dt 

^+'“*KX  — <oxK,*=\]  My. 

— Mz. 


(1.15) 


) 


here 


t*  “/t  ^jrt 

projection  ot  vectors  of  V , m,  K on  coordinate  axes; 

V A\  Vi,  VZ,  V,lfx,  ^•'1.  are 

projections  of  the  main  vector  H and  of  the  mam  torque/momen4-  M 
the  same  axle/axis- 


Page  20. 


Equations  (1.15)  determine  ♦ i.t-  notion  of  the  center  of 
aircraft,  equation  (1.16)  - the  r ot ati on/re vo iution  of 
around  its  center  of  mass. 


mass  ot 


a i r c i'a  t f 


The  projections  of  the  moment  of  momentum  are  determined  bv 
known  from  Mechanic:,  expressions; 


— {"VJXV—  U'.Jx,' 

Ky~MyJy  u,xJyi  01  r J yx< 

K , — <«xJ  tx—»>yJ  ,y. 


(1.17) 
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where  the  Jjt  7#,  /„  JIt,  Jlx,  Jlx  they  are  determined 

respectively  axial  and  products  of  inertia  relative  to  the  selected 
coordinate  axes.  Tney  are  determined  by  the  kacwn  from  theoretical 
mechanics  relationships: 
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y*=2(‘ I +*?)'"»• 
y,  = V(.vM-(/2)m,t 

y,„==  v.^(//M/t 

y„  = ^ »//  -/"*., 

J,x  = 


(1.18) 


axial  and  products  of  inertia  depend  on  the  mass  of 
position  ot  its  control  surfaces  and  other  factors,  which 


I 


ircca  f *• , 
in  the 
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qeneral  case  are  the  functions  of  time,  in  the  study  ot  problem;,  the 
dynamics  ot  fliqnt  frejuently  on  muss  change  d isreqar  1 , and  controls 
ate  considered  tixed.  lr  this  case  the  moments  ot  inertia  relative  to 
the  axle/axes,  connected  with  aircraft,  become  constants. 


By  differentiating  expressions  (1.17)  and  by  substituting 
derivatives  of  the  projections  of  the  moment  ot  momentum  a Ion j time 
into  equations  (1.  16)  , w«  will  ontain  system  ot  equations  in 
projections  on  the  axis  xyz,  which  determines  the  rotation/revolution 
of  aircraft  around  the  center  ot  nass: 

Jm~  +(Jt  ~ Jy)uV°z  +Jxv  ) ~ 

-Jx,["x"y  +^')  K - » l ) = V Mx, 

\ dl ) (1.  )9) 

+ y*)  <0x,ax-'JxV  ("V"*  +~)  + 

+ Jy.  ~ +Jxm  K — = J]  My, 
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r[Jv-J')"'x"'v  \ Jxz  ~ - 


(M9) 


To  the  system  of  equations  (1.19)  in  conjunction  with  system  of 
equations  (1.15)  and  by  kinematic  relationships  (1.3)  completely  i* 
determines  the  motion  of  aircraft. 


If  aircraft  has  a plane  of  material  symmetry  >,  th^n,  by 
confining  plane  xOy  with  the  plane  of  symmetry,  it  is  possible  to 
consider an ly  simplify  system  (1«l9). 


P COT NOTE  *One  plane  of  material  symmetry  they  have  virtually  all 
contemporary  aircraft.  ENDFOOTNOTE. 


In  this  case  axlo/axis  Oz  will  be  the  principal  axis  of  inertia  and 
the  products  of  inertia  of  Jyt  they  will  be  equal  to  zero. 

System  (1.19)  of  signs  form 
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/r  ~ 4(-4  ~ 4/) >V°,  4 7r4,  ^u>xu>,  — ~j  = V /)/ 

y»  lu~  ^ — y*J  ~ y^i'  (uv“z  4-  ~J = V ,u 

y*  -^7*  4(4  — ■/ r) 'W  4 -4//  ("*’  — i'£ ) = V .1 

I 


I 

•r.  I 


I/I 


/ 


(1.20) 


It  body  has  an  axis  of  material  symmetry,  then,  by  combining 
axle/axis  ox  with  the  axis  of  symmetry,  it  is  possible  to  obtain  the 
even  simpler  form  of  the  recording  of  equations  (1.19).  In  this  cas^ 
all  ptoducts  of  inertia  are  equal  to  zero;  furthermore,  on  the 
strength  of  the  symmetry  of  Taking  into  account  these 

equalities  system  (1.19)  will  take  form 
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Jm,~--\-(Jv—J.x)'°.xwU  = V 

'//  jmmd 


(1.21) 


equation  (1.3)  , (1.15),  ( 1 . 1 S» ) ate  made  it  possible  to  solve 

both  straight  line  and  borate  task  t h ^ dynamics  of  the  flight,  of 
aircraft.  Integration  of  these  equations  makes  it  possible:  - to 
determine  coinmunica  tion/connection  between  the  forces,  which  act  or: 
aircraft,  by  the  trajectory  of  its  flight,  and  by  the  kinematic 
parameters  of  motion  (by  velocity  and  the  angular  position  of 
aircraft  in  space)  ; - to  determine  the  stability  characteristics  and 
aircraft  handling  in  the  different  mode/con Ji t i ons  of  its  flight;  - 
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to  determine  tne  required  angles  of  deflection  of  the  controls  and 
value  of  forces  of  controls  tor  a tliyht  with  respect  to  the 
predetermined  trajectory. 


1-3.  liquations  of  motion  of  aircraft  in  tne  connected  (x1ytZi)  at  • 
high-si  eed/velocity  (-*t.  </c.  *c)  coordinate  systems. 

As  it  is  bygone  said  above,  t lie  trajectory  problems  of  the 
motion  ot  aircraft  to  conveniently  examine  in  wind  coordinate  sy:.-'->P', 
but  many  tasks  of  stability  and  controllability  simpler  are  solved  in 
body  coordinate  system. 


For  passage  to  body  coordinate  system,  art  necessary  in 
equations  (1.3),  (1.1b)  and  (1.20)  instead  of  the  angles  £ # F.»  * to 
introduce  respectively  angles  ot y , a,  7#  orienting  body  coordinate 
system  relative  to  terrestrial. 


By  producing  the  indicated  substitution,  we  will  obtain  toi  the 
aircraft,  wnich  has  the  plane  of  symmetry  XiOy,,  the  following 
systems  of  equations  of  motion  and  kinematic  relationships  in  bodv 
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coordinate  systea: 


m L-fu,/i'//’*i  — u,.ri'/ '*i)  — '*>•  (1-22) 

V dt  ' -*"■  ) 

Jx i ^ +(Jti  - Jyi) + JxW  (Wi  ” ) ■ ==  2S  ^ ’ 

Jnd-^+(JxX-J.i)m,\'“x\-Jxm  = (1.23) 

J.I  *zr+{J* i-Jx*)*xP*+J*n  Ki-“ii)  = V Af*‘; 

rf/ 


u>  , = — sin  8, 
xl  ,/*  rf/ 

U)  =d-L  cos  ft  cos  v +^7  si"  Y. 
1,1  di  dt 

u).,  =' — cos  y ~ — cos  ft  sin  y. 
xl  dt  dt 
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£oi  £ assage  to  wind  coordinate  system  let  ue  realise  that  the 
origin  of  coordinates  is  located  in  the  center  of  mass;  then  it. 
equations  (1.3)  angles  c, , F , * die  the  angles  of  *(>«•  0»  Y«- 


Page  23. 


Furthermore,  rt  is  necessary  to  consider  that,  in  wind  coordinate 
system  the  velocity  vector  of  V is  directed  along  the  axle/axis  of 
Oxt  and,  consequently: 


V„  = VX  IV  = 0.  ^r=0, 

dV  xt  _ dV  d\'vc  _ q dVu  __  o 

dt  dl  ' dt  ' dt 


(1.25) 


taking  into  account  these  considerations  of  equation  (1.15)  and 
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where  the  2^,-,  2K,.,  2Zr  - the  projection  of  the  main  vector 

ot  external  forces  on  the  axis  of  wind  coordinate  system. 


Contemporary  gyroscopes  record  the  projections  of  the  angular 
velocity  vector  ot  the  rotation/revolution  of  aircraft  around  their 
center  of  mass  on  the  axis  cf  body  coordinate  system.  Therefore  the 
projections  of  angular  velocity  vector  on  the  axis  of  wind  coordinate 
system  are  determined  through  the  measured  in  flight  projections  this 
same  vector  o on  the  axis  of  body  coordinate  system. 


Le  t us  rind 
vector  u on  the 
The  projections 

0xc,  0yr.  0zc 


commun  icat  ior./con  nection  between  the  projec 
axis  high-speed/velocity  and  body  coordinate 
ot  oixi,  w»i  give  on  the  axis  of 

components  (Fig.  1.5) 


ions  of 


systems. 
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uv,,  cos  a cos  ? | <i)ji  sin  ? — <1)^,  sin  a cos  fJ,  | 

«>„  cos  a -f  a>rlsina,  | (1-28) 

— io,!  cos  u sin  p-f-uvi  sin  a sin  ? [ cos  [1.  j 


f urthec mote,  on  the  same  axle/axis  are  design/pro ject eJ  and 

«•  -<► 

vectors  — , — , which  determine  the  rotation  ot  wind  coordinate 

system  around  that  which  was  connected  at  angles  a and  d and  which 
have  form  high-speed/velocity  and  body  coordinate  systems. 

_*LsjnE»  -—cos?. 

at  p’  dt  ’ dt 


(1.29) 
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Fig.  1.5.  To  the  determination  cf  communication/connection  between 
the  projections  ot  the  angulai  rate  of  rotation  in 
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By  totaling  ( 1 . z8 ) an 8 ( 1 . 29)  « we  will  obtain 
coBiinunica^  ion/counection  of  *xc,  <•#„  c “jri»  “,J‘ 
in  the  form 


»„  =u).,  cos  a cos  3 + «>,i  sin  p — u>vl  sin  a cos  p — — sin  p, 

* * at 

m¥c  =UV1  cos  a -f  u>,,  sill  u — — , 

utr  = — u>,,  cos  asm  p~f- v>ui  sin  a sm  p + *»,,  cos  p — — cos  p. 


(1.30) 


in  cat.es  when  llight  is  realized  without  slip,  relationship 


(1.30)  considerably  they  are  simplified,  taking  the  form 
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o>xr  =«>_,!  cos  « — sin  a, 
u>,r  =%t  cos  a -f  oj, , sin  u, 
da 


(1.31) 


of  equation  (l.ib)  together  with  kinematic  relationships  (1.30) 
and  (1.31)  they  determine  the  motion  of  the  center  of  mass  of 
aircraft  in  wind  coordinate  system. 


liiyh-speed/velocity  and  body  coordinate  systems  most  frequently 
they  dLe  applied  in  the  dynamics  of  tliyht.  However,  by  this  is  not 
eliminated  the  possibility  of  applyiny  any  another  coordinate  system, 
which  can  turn  out  to  be  more  convenient  during  the  study  of  on^  or 
the  other  concrete/specific/actual  flight  conditions. 


DOC 


76021  J i t> 


PAGE 


P 


Page  25-  Chapter  II. 


{‘cJtula. 

EQUATIONS  OF  NOTION  FOR  [ThT- FLIGUT-TRA.T ECTOPY  t^Afce+HrVM-f^N  OF 


AIRCRAFT. 


§2.1.  Forces, 


whicti  act  on  aircratt. 
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In  the  1'iesont  chapter  aic  investigated  the  tra  lector  i«s  of  the 
motion  ol  the  center  ot  mass  of  aircraft  in  connection  mth  the 
aircraft  of  the  civil  aviation.  For  the-  f 1 i ght-tra jector y 
calcu  lat  ioii , as  this  is  bygone  shown  in  chapter  I,  are  utilized  the 
equations,  which  describe  the  motion  oi  the  center  of  mass  of 
aircraft  under  the  action  ot  the  assigned  external  forces. 


On  tnt  aircraft,  which  moves  t relatively  small  distances  from 
the  earth’s  surface  (precisely  such  we  will  subsequently  examine), 
act  thiee  basic  groups  of  the  forces;  a)  the  mass  forces,  caused  by 
the  earth's  gravity  and  the  inertia  of  motion;  b)  the  aerodynamic- 
forces,  which  appear  as  a result  of  the  interaction  of  aircraft-  with 
its  circumfluent  airflow;  c)  the  thrust  of  the  motors* 
esta b lished/ irsta 1 led  on  aircraft- 

The  indicated  forces  determine  the  main  force  vector  F , and 
also,  therefore,  its  projections  on  *he  axis  of  the  adopted  system  of 

coordinates. 


Hass  forces.  The  mass  forces,  caused  by  the  earth's  gravity, 
include  the  weight  of  body  ti,  equal  to  the  product,  of  the  mass  ot 
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tody  fot  free-fall  acceleration  g. 


Free-fall  acceleration  is  different  at  the  different  points  of 
terrestia]  globe,  that  is  caused  by  the  non  un  i f or  in  ity  of  mass 
distribution  within  the  volume  of  earth,  and  also  by  its  flatness  in 
meridian  cuts.  Thus,  for  instance,  at  equator  the  value  of  free-fall 
acceleration  y of  the  surface  ot  earth  amounts  on  the  average  to  9.73 
m/s*,  and  of  poles  9.83  m/s*,  with  remova 1/ ii stance  from  earth,  the 
free-fall  acceleration  decreases  in  connection  with  the  weakening  of 
the  gravitational  field  of  earth. 


Page  2b. 


In  the  problems,  connected  with  the  flights  of  aircraft  at  small 
height/altitudes,  set/assuming  its  constant  and  equal  to  9.81  m/s*. 


The  mass  forces,  caused  by  inertia  of  motion,  include  the  force 
of  inertia,  equal  on  raodu  le/  mod  u lus  (according  to  second  Newton's 
law)  to  the  product  of  the  mass  of  the  driving  body  for  the 


acceleration  of  his  motion. 
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Aerodynamic  forego  depend  on  t ne  totm  of  the  body,  value  and 
sense  of  the  vectoi  of  flight  speed  relative  to  body  and  the 
characteristics  of  the  environment.  In  lower  layers  of  the  atmosphere 
(li  < iO  it®)  , where  the  air  density  is  sufficiently  great,  aerodynamic 
forces  can  reach  great  significance;  therefore  during  flights  at 
these  height/altitudes,  aerodynamic  forces  will  be  those  which 
determine.  In  upper  air  ( tl  > 70  km)  air  density  sharply  falls,  the 
value  ot  aerodynamic  forces  decreases  by  tneir  influence  sometimes  it 
is  possible  to  disregard. 

Commun icat ion/con n ect ion  between  aerodynamic  forces  and  factors, 
determining  them,  is  esta  bl  ish/i  nst.  al  led  hy  experimental  aerodynamics 
by  means  of  formulas 


y=r,^s. 


(2.1) 
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where  6 — the  density  of  the  medium  in  which  is  realized  the  flight; 
S - characteristic  is  area  (usually  as  characteristic  area  is 
accepted  wing  area)  ; Cx,  c¥,  c, — the  aerodynamic  coeff  icients, 

which  are  determined  from  the  results  of  the  model  test  of  aircraft 
in  wind  tunnels  or  flight  tests.  There  are  also  theoretical  methods 
of  the  determination  aerodynamic  coefficients,  hut  here  they  ace  not 
examined. 


The  thrust  of  motors  depends  on  the  engine  power  rating, 
heigh t/altitude,  flight  speed  and  other  factors.  Direction  of  thrust 
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usually  is  considered  coinciding  witn  the  direction  of  the  axle/exi^ 
of  engine*  although  this  and  not  always  so  (for  example  in  the  engine 
operation  m the  mode/conditions  of  oblique  airflow  the  direction  of 
the  thrust  of  engine  can  not  coincide  with  its  axle/axis).  When,  or. 
the  aircraft,  several  engines  ate  present,  one  should  consider  the 
gross  thrust  of  all  engines  and  the  possible  asymmetry  of  their  work. 

On  the  contemporary  aircraft  of  the  civil  aviation,  are  applied 
in  essence  three  types  of  the  engines:  pistcn  (PD  [instrument, 

panel]),  turboprop  (TVd  [turboprop  engine])  and  turbojet 

(T PD  [turbojet  engine]). 
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The  ef  t ect.  iveness  of  one  engine  or  the  other  is  determined  by  value 
created  to  them  thrust/rods  (or  power)  ; cost-ef feet iveness/ef f icie ncy 
- by  the  specific  fuel  consumption,  which  are  the  fuel  consumption 
per  unit  of  thrust/rod  (or  per  unit  of  power)  per  unit  time. 


The  engine  characteristics  are  assignee  either  in  the  form  of 
the  dependence,  which  links  the  power  of  engine  with  speed  and  flight 
altitude  (for  PD  and  TVD),  or  in  the  form  or  the  dependence  Detween 
the  thrust  or  engine  and  flight  speed,  its  height/altitude  and  the 
degree  of  the  throttling  of  engines  (for  TKD)  . 

Piston  engines  (PD)  structurally  can  he  executed  with 
pressurized  system  and  without  it.  Pressurized  system  makes  it 
possible  to  raise  pressure  in  jugs  and  thereby  to  increase  its  power. 
Pressurization/supercharging  PD  is  realized  usually  by  the 
gear-driven  centrifugals  supercharger  (PTsN),  which  ensure  the 
constancy  of  the  pressut i zat ion/superchar g ing  on  of  the  determined 

height/altitude  of  Ha,  with  the  called  f ul  1- th  rottle  height. 

o 
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Diagrams  typical  for  pistan  engines  showing  the  change  of 
power  N and  change  of  supercharging  pressure  p^  according  to 
altitude,  without  considering  flight  speed,  are  shown  in  Fig. 

2.1.  When  flight  speed  is  considered,  engine  power  will  increase 
thanks  to  a supercharging  increase  coming  from  the  ram  effect  and 
thanks  to  an  increase  in  the  altitude  limits. 
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Turboprop  engines  (TVD)  unlike  PD  and  TRD  realize  part  of  the 
power  in  the  form  of  the  reactive  power  which  is  created  by  the 
reaction  ot  gas  jets,  coming  out  from  engine  nozzles,  and  it  is 

-I0-20o/o  of  total  [»wer  TVd.  Therefore  characteristics  TVD  usually 

ate  assigned  tor  conditional,  or  the  equivalent,  power  of 

that  considering  shaft  horsepower  of  the  engine  of  and  the 

reactive  power  ot 
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Pig,  2.2.  Altitude-speed  characteristics  of  the  turboprop  engine:  a) 

a change  in  the  power  TVD  and  in  the  temperature  of  the  gases  before 
the  turbine  by  height:  b)  a change  in  the  power  TVD  in  speed. 
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The  control  system  TVP  in  all  operating  conditions,  close  to 
ma  x i tn  u bi  , provides  fulfilling  the  two  requirements:  the 
prese rva t ion/reten t ion/mai ntain in g of  the  equivalent  horsepower  of 
const  rrt  u[  to  the  flight  altitude  of  ^orp  (zone  of  the  limitation 
of  power)  arid  maintaining  the  temperature  of  the  gas»s  before  the 
turbine  01  constant  in  the  2one  of  height/ait  it  udes#  large  l~)crp  • The 
typical  for  TVD  diagrams  of  a change  in  power  and  temperature  of  the 
gases  before  the  turbine  of  T are  given  in  Fig.  2.2a.  With  an 
increase  in  the  velocity  of  flight,  the  power  TVD  has  a tendency 
toward  increase  because  of  the  velocity  head  which  raises  ramming  and 
which  increases  the  mass  of  tht  passing  through  the  engine  air. 
However,  in  the  zone  of  the  limitation  of  power  (Fig.  2.2L).  Higher 
than  the  ^crp  power  increases  with  an  increase  of  velocity. 


Turbojet  engines  (TKD)  unlike  PD  and  TVD  realize  thrust/rod  P 
directly  in  the  form  of  reaction  the  scab  of  the  gases,  which 
escape/ensue  of  engine  nozzle.  An  example  of  altitude-speed 
characteristic  TRD  is  jiven  in  Fig.  2.3,  where  F0  are  given  the 
static  thrust  of  engine  at  height/altitude  H = 0. 


Page  2*3 
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In  the  practice  of  aerouy ramie  designs,  it  is  necessary  to  deal 
with  so  as  those  called  by  the  point  of  tangency  and  with  a power, 
that  ensure  the  r light  or  aircraft,  in  air  medium.  For  PD  availabl*- 
power  can  be  determined  by  formula 


'V,, =(  - a N J nH  + a A*, 


where  the  f\/  - the  power,  removed  from  the  engine  character ist ic 

C i H 

and  corrected  tor  high-speed/ velocity  pressuL izat ion/su pet char j ing ; 

&N  - the  power  is  lost  as  a result  of  an  increase  in  the  exhaust 

backpressure;  AN  D ~ the  power,  created  by  the  reaction  of  gases  on 

K 

exhaust;  77  - the  ^ropellet  efficiency. 

' a 


For  TVD 


/?• 


where  the  l\ / - the  power,  transferred  to 

r> 

the  power,  realized  at  the  nozzle  outlet. 


screw/prope lie  r ; 


mr  ~ 


Point  of  tangency  TPD  is  remo ve/t aken  directly  from  the  engine 
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The  aerodynamic  forces  and  the  thrust  determine  t he  g-force, 
which  is  important  aerodynamic  characteristic.  In  the  general  case  by 


g-force,  is  understood  vector  r,  equal  to  the  ratio  of  a difference 
in  vectors  R and  G to  the  module/modulus  of  g ra vitat ional  force  G : 


n — 


R-Ci 

l«l  ‘ 


(2.2) 


. The  projection  of  vector  n on  the  coorainate  axis  Ox  is  called 

the  longitudinal  acceleration  of  to  axle/axis  Oy  - by  the 

normal  load  factor  of  ( n,  ) tc  axle/axis  oz  - lateral,  or 

transverse,  by  the  g-force  of  (n2).  If  in  relationship  (2.2)  the 
quantity  of  vect&r  R is  accepted  in  accordance  with  the  first 
equation  system  (1.2)  that  for  a g-force  we  will  obtain  expression 
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into  right  side  of  which  they  enter  only  accelerations.  In  fliqh* 
aloncj  the  ballistic  trajectory  R — G,  i^e..,  n = 0#  tharefore*  all 
bodies  within  aircraft  are  found  in  null  gravity  state. 


§2.2.  Equations  of  motion  of  the  center  of  mass  of  aircraft. 


The  motion  of  the  center  of  mass  is  conveniently  examined  in 
wind  coordinate  system.  In  this  case  the  system  of  equations  of  trie 
motion  of  the  center  of  mass  in  accordance  with  equations  (1.26)  1 

will  be  represented  in  the  form 


m 


Y, 

— mVait,  = "\  Z. 


(2.4) 


FOOTNOTE  1 . The  index  of  "c"  subsequently  for  the  simplicity  of 


recording  let  us  omit. 


ENDF COT  NOTE 
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Kg y : (1).  External  forces  in  projections  on  the  axis  of  the  systems 

in  which  they  are  assigned/prescribed.  (2).  Axle/axes  of  other 
systems.  (3).  Axle/axes  of  hiy  h-speed/velocit  y system. 
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In  the  right  sides  ot  equations  (2-4)  enter  the  sums  of 
projections  on  the  coordinate  axes  of  aerodynamic  forces,  thrust/rod 
of  engines  and  weight  of  aircraft.  These  forces  can  be 
assigned/prescribed  in  the  different  coordinate  systems:  aerodynamic 
forces  usually  are  assiyned  in  high-speed/velocity  system,  thrust/rod 
they  is  assigned  in  that  connected  weight  - in  terrestrial.  Therefore 
during  the  determination  of  their  projections  on  the  axis  of  wind 
coordinate  system,  it  is  necessary  to  consider  the  directior  cosines 
with  the  aid  of  which  is  realized  the  passage  from  the  different 
coordinate  systems  to  high-speed/velocity.  These  direction  cosines 
are  given  in  Table  2.1. 


Since  the  weight  of  aircraft  G is  always  directed  along  the 
axle/axis  of  the  Ou„  of  earth-based  coordinate  system,  then  it  t;iis 
table  are  given  only  the  cosines  of  the  angles  between  tne  axle/axis 
of  Ojj  ^ and  axle/axes  of  0^>  O . The  axle/axet  of 

engines  can  not  coincide  with  axle/axis  0xt,  it  they  are 
esta blished/insta  1 led  at  an  angle  ± "ith  respect  to  axle/axi. 

Ox | # but  they  always  lie  in  the  planes#  parallel  the  planes  of 
symmetry;  therefore  Table  2.1  shows  the  only  direction  -osin^s,  which 
make  it  possible  to  determine  the  projection  ot  the  unit  vectors  of 
axle/axes  Ox,  and  oy,  on  the  axis  of  Ox  c , . 
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By  substituting  in  equations  (2.4)  taking  into  account  the  da*a 
of  Table  2.1  value  of  the  projections  cf  the  gravitational  forces  and 
thrust/rod  on  the  axis  of  wind  coordinate  system  and  by  taking  into 
account  according  to  (1.27)  the1  value  cf  the  projections  of  the 
angular  velocity  of  Cc)^  f and  also  the  projection  of 

aerodynamic  force  l,  we  will  obtain  the  equations  of  the  divzheniya 
of  the  center  of  mass  of  aircratt  in  the  wind  coordinate  system  of 
the  following  form: 


<—  X ~ GsInO-f-P  (cos  cos  ? cos  a — sin  a sin  cos  p)— 


<tv  . 
■m  — =0; 
dt 


V — G cos  0 sin  Yc  + ^ (cos  sin  a f sin®,,  cos  a)  — 

— mV  I — cosyf -jj-  cos  0 sm  Yf  1 = 0; 

Z 4~G  cos  0 sin  Yf  — /°(cos<p„cos  a sin  p — sinc^sin  a sin  P)  -j- 
-f  mV  ( — sinYf  f — cos0cosYf  1 =0. 

\ at  dt  ) 


FOOTNOTE  ».  Since  drag  is  directed  to  the  side,  opposite  to  notion, 
the  projection  of  aerodynamic  force  on  the  axle/axis  of  it  is 
necessary  to  take  with  minus  sign.  ENDFCOTNOTE. 
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If  one  considers  that 


cos  ?„  cos  a + sin  sin  a =cos  (a  +?„), 
cos  <p„  sin  a + sin  <p„  cos  a =sin  ( a + 


that  the  obtained  system  can  be  rewritten  in  the  form 


P cos  ( u + cos  ? — C sin  0 — X = 

P sin  (a  + <f.„)  — G cos  0 cos  yc  + Y = 

= mV  cosy,  — d-—  cos0siiiYf  j: 

P cos  (a  +?„,,) sin /—O  cos  0 sin  — 7.  = 
— mV  ( ~ sin yr  ' cosOcos  vrj. 


(2.5) 
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. System  of  equations  (2-5)  corresponds  to  the  general  case  of 

the  unsteady  flight  of  aircraft  along  curved  path  in  the  arbitrary 
attituue  (with  bank  and  slip)  and  makes  it  possible  to  calculate  the 
kinematic  parameters  of  motion  at  any  point  in  time.  The  integration 
of  the  system  of  equations  of  motion  can  be  executed  only  in  such  a 
case,  when  the  number  of  equations  is  equal  to  the  number  of 
unknowns.  In  an  explicit  tori  in  equations,  systems  (2.5)  enter  11 


variables: 
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P\  X\  Y\  Z\  G;  a ; ft;  0;  vf:  t,:  <• 


. Furthermore,  the  solution  of  system  (2.5)  will  depend  on  the 

flight  altitude  H,  connected  with  parameters  of  V,  0,  t with 
kinematic  constraint 


dH 

dt 


= V sin  9. 


. consequently,  system  (2.5)  contains  12  variables. 

during  tue  solution  of  system  one  of  the  variables  - usually 
time  t ~ accepted  as  independent  variable.  The  thrust/rod  of 
engine  p depends  on  the  engine  power  rating,  and  also  on 
height/altitude  and  llight  speed.  The  components  of  aerodynamic  force 
are  determined  by  egualities  (2-1),  in  which  the  aerodynamic 
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coefficients  of  , C c_.  are  the  functions  of  the  anjles  of 

A o z~ 

attack  and  slip,  and  also  of  speed  and  flijht  altitude: 


cx  = /(a,'?,V,H),  cy  = f {a,  ?,  V , H),  f , = /(«,  ?,  V,  H). 


Page  32. 


Thus,  remains  seven  unknowns  during  the  available  four  equations 
- three  equations  of  system  (2.5)  and  equation  (2.6). 


The  missiny  equations  are  compensated  for  by  the  additional 
constraints,  estab 1 ish/inst al led  on  the  basis  of  research  on  one  or 
the  other  concrete/specific/actual  problem  for  which  is  conducted  the 
calculation.  Thus,  for  instance,  in  straight  flight  along  inclined 
trajectory  without  bank  and  slip 

fr  =0,  Y,  =0,  J3=0,  8— const. 

The  number  of  unknowns  is  contracted  to  four  system  of  equations 
(2.5),  (2.6)  becomes  closed. 


Let  us  determine  the  projections  of  vector 


on  the  axis  of  wind 


coordinate  system,  by  utilizing  equations  (2.5).  Since  the  left  sides 
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of  equations  (2.5)  are  the  projection  of  vector  R on  the  axis  of  wind 
coordinate  system,  taking  into  account  formula  (2.2)  tor  the 
projections  of  vector  n we  will  have  the  following  equality: 


P cos  (a  ± ?*„)  — X 

* a • 

_ _ P sin  (a  ± *„)  + Y 

flu  ' — . 

* G 

P cos  (a  ± y,,)  sin  $ — Z 


(2.7) 


. By  comparing  equalities  (2.7)  and  system  of  equations  (2.5), 

we  will  obtain  the  formulas  of  commun icat icn/connect ion  of  the 
projections  of  q-force  with  the  kinematic  parameters  of  motion  ir  the 
following  form: 
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rtx=— — + slnB, 
' g >U 


«.  = — /—  cos Yc — — L cosOsin Yf)  + cosOcosYr, 

g \dt  dt  / 

ft  =—  (—  sliiYf-(-— — cos8cosYr^-i-cos9siiiYf. 

g \dt  dt  ) 


§2.3.  Simplification  in  thr  equations  of  motion* 


The  basic  flight  conditions  of  aircraft  are  characterized  by 
comparatively  low  angles  of  attack  a,  of  slip  p and  by  small  angle  of 
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the  engine  installation  o£ 
possible  to  count 


(p  . Therefore  approximately  it  is 
</  © 


P sin  (a  + o,.)  G cos  8 cos  y,  cosp^l.O, 
Pcos  (a  + ?„,)  sin  ? « G cos  0 sin  y, 

cos(o±?J,)ssl,0. 


. Page  JJ. 


Taking  tnis  into  account,  system  (2.5)  somewhat  is  simplified, 

taking  the  form 
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P — G sin  fJ  — X = m — , 

<// 

— (7  COS0COSYc.-}-  }/  —mV  1^--  QQsyc  cos;  Ij  sill  yf  j. 

— (i  cos  0 sin  Yf  — Z.  — tnV  / — sin  yc  -f  ll-^~  cos  \c  cos  b } 


J (2.9) 


. in  flying  practice  ot  the  civil  aviation,  the  unsteady  flights 

of  aircraft  and  along  curved  path  compose  on  time  small  part.  An  even 
less  part  on  tame  compose  flights  with  bank  and  slip,  ttost  frequently 
are  encountered  the  flights  of  aircraft  in  vertical  plane  without 
bank  and  slip  of  (Yc=0;  (J=0)-  At  this  case  the  fligat  trajectory 

completely  lie/rests  at  the  plane  of  xcOyc,  tc  what  it  corresponds 
the  ^-=0,  and  equations  cf  motion  ( 2 - ‘i ) taite  the  form 


DOC  = 7602133b 


P A Li  E 


P—G  sin  6 — X ~m^~, 
• ii 

Y — Geos  6 = mV  — . 

dt 

Z=0. 


(2.  10) 


. Equality  to  zero  of  the  lateral  force  Z is  explained  Dy  the 

fact  that  in  the  absence  of  slip  the  plane  cf  C-  coincides 

with  the  plane  of  symmetry,  and  the  forces,  which  act  in  the 

direction  of  Oi.  in  this  case  they  do  not  appear. 

c 


In  the  case  of  laterally  level  flight  and  slip  along  straight 
path  0=0,  y ^ 0 <d  - const.  Equations  (2.10)  even  more  are 
simplified  l,  taking  the  form 
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P~G  sin  9 — X — m , 

dt 

— G cos6-f-}/  = 0. 


(2.11) 


. FOOTNOTE  >.  The  third  equation  Z = 0 we  do  not  record/write,  since 
durinq  the  determination  of  the  lliqht  trajectory  it  no  longer  is 
Utilized.  ENDFOOTNOTF.,/ 

Page  34. 

During  steady  rectilinear  flight  without  bank  an!  slip  of  the 
equation  of  motion,  they  take  the  form 
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P — G sin  0 — X —0, 
— G cos  9 -|-  Y = 0. 


(2.  m 


In  flight  along  horizontal  trajectory  angle  6-0;  therefore 


equations  of  motion  are  record/wr itten  entirely  simply: 


P=X, 
G = K. 


(2.  13). 


. Thus,  in  the  level  steady  flight  thrust  P is  balanced  by  drag 

X,  and  the  weight  of  aircraft  G - by  lift  Y. 

Taking  into  account  the  made  in  the  beginning  of  the  present 
paragraph  assumptions  of  projection,  the  g- forces  will  be  determined 

by  formulas 
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<f  if 


r-x 
a ' 


(2.  14) 


. From  formulas  (2.14)  it  follows  that  in  all  cases  of  flight 

the  notmal  load  factor  of  fl  ^ is  equal  to  the  ratio  of  lift  to 
the  weight  of  aircraft.  For  the  aircraft  of  the  civil  aviation, 
normal  g-force  appears  under  negative  lift.  This  situation  car.  arise 
only  during  the  sharp  input/introduction  of  aircraft  into  dive.  In 
the  steady  level  flight  in  accordance  with  equalities  (2.  1 J) 
tangential  and  normal  load  factors  are  respect i vely  equal: 

«r“0,  n„=  1 ,0. 

§2.4.  Methods  of  the  solution  to  equations  of  motion. 


Differential  equations  (2.5),  most  completely  describing  the 
flight  of  aircraft  as  displacement  of  material  point,  are  nonlinear. 
The  methods  of  obtaining  their  solutions  in  analytical  form  up  to  now 
have  not  been  developed  - usually  for  this  purpose  are  utilized  the 
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methods  of  the  numerical  integration  of  equations  (2.5)  with  the  ail 
of  com)  uters;  therefore  in  the  practice  of  aerodynamic  designs, 
obtained  by  extension  of  the  different  approximation  methods  of  the 
solution  to  equations  of  motion,  /.re  most  thorouqhly  developed  and 
widely  will  be  utilised  the  gr a ph o-ana 1 y t ic  methods  of  tne  solution 
of  systems  of  equations  (2.11)  and  especially  (2.12),  (2.13).  Their 

essence  entails  the  following  5^we  convert  the  first  equation  of 
system  (2.12)  in  such  a way  that  thrust  P would  prove  to  be  on  the 
left  side  of  the  equality,  anu  the  remaining  terms  of  equation  in 
right : 


P=X  -\-G  sfn8.  (2.15) 


. Thrust,  tne  constituting  left  side  of  equation  (2.15),  it  is 

called  point  of  tanjency  anu  is  designated  Pp>  a the  sum  of  the 
projections  of  forces  x and  G on  the  axle/axis  of  the 

constituting  right  side  of  equation  (2.15),  is  called  required 
thrust/rod  and  is  designated  P ^ • 

Page  35. 
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The  point  ot  tangency  is  determined  by  the  engine 
characteristics  and  depends  on  height/altitude  and  speed  at  flight. 
Taking  into  account  the  second  equation  ot  system  (2.12)  for  a 
required  thrust  it  is  possible  to  obtain  expression 


pn  = y (cos  6 -f  K sin  8),  (2.  16) 

linking  I will  require  thrust/rod  with  the  lift-drag  ratio  K and  the 
flight  path  angle  &.  According  to  (2.15) 

in  steady  rectilinear  flight  the  neeessary  thrust  is  equal  to 

that  which  is  available)  therefore,  if  we  plot  graphs  of  the 

change  of  necessary  and  available  thrust  depending  upon  same 

characteristic  parameter,  the  solution  to  equaion  (2.15)  It  will  be 
determined  by  the  point  of  intersection  ot  these  curves.  Usually  as 

this  parameter  is  accepted  the  flight  speed  of  V.  The  cuives  of 
points  of  tangency  are  constructed  on  hiqh-altitude-speed  to  the 
engine  characteristics;  the  cuives  of  required  thrusts  - according  to 
equation  (2.16).  Communicat  ion/connect  ion  ot  required  thrust  with  *he 
required  flight  speed  of  V ^ is  determined  by  expression 
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(2.  17) 


escape/ensuing  of  the  second  equation  of  system  (2-12)  taking  into 
account  expression  t or  lift  (2-1)-  From  expressions  (2.1ft),  (2.17)  it 

follows  that  for  graphing  of  a change  in  the  required  thrust  from 
speed  it  is  necessary  to  have  the  aerodynamic  characteristics  of 
aircraft. 


Since  required  thrust  depends  on  angle  0,  and  point  of  tanjency 
and  the  required  flight  speed  are  from  flight  altitude  h. 
Curve/graphs  dre  constructed  tor  constant  values  e anl  H.  The 
described  method  of  the  solution  to  equations  of  motion  was  called 
the  name  the  method  of  th rust/ rod s.  It  is  utilized  during  the 
calculation  of  the  flight  equilibria  of  aircraft  with  TPD,  since 
high-altitude-speed  characteristics  TPD  I am  assigned  in  the  form  of 
the  dependence  between  the  thrust  of  engine  and  flight  speed,  its 
height/altitude  and  the  degree  of  the  throttling/choking  of  engines. 
The  altitude-speed  characteristics  of  aircraft  with  engint'-propol  ler 
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combination  (VM G)  as  already  it  is  bygone  said,  ate  assigned  in  the 
form  of  fiie  dependence,  which  links  the  power  of  engine  with  speed 
and  flight  altitude.  Therefore  during  the  calculation  ot  the  flight 
equilibria  ot  aircraft  from  VMG  to  conveniently  deal  with  pow«r»  but 
not  with  thrust/rod.  Let  us  multiply  piecemeal  equation  (2.1b)  by  the 
flight  speed  of  V.  Then  on  the  left  side  we  obtain  the  available 
power  of  /Vp  , a in  right  - the  required  power  of  ; which  takir.q 
into  account  expression  (2.  16)  can  be  written  in  the  form 


^.  = — (cosA  + ZCsinfl).  (2.18) 


DOC 


76021  Jib 


PACE  Jo* 


Fig.  2.4.  Construction  of  triangle  of  forces  in  the  rectilinear 
steady  flight. 


Key:  (1)-  Line  of  action  ot  the  weight  of  aircraft.  (2).  polar  of 
flight  vehicle.  (J)  . Thrust  lire.  (4).  Heading.  (5).  Line  of  the 
local  horizon. 


( 1 fluatjt  deJcviu’  decs 
ncmamen**oiO  unnn pa m<L 
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Alter  cons  true  tin  g from  d It  i t ud  e-  speed  characteristics  and 
expressions  (2.17),  (2.1b)  the  curve/graphs  or  the  change  of  the 

available  and  required  powers  and  after  determining  corresponding 
points  of  their  intersection,  it  is  possible  just  as  in  the  method  of 
thrust/rods,  to  find  all  parameters  of  the  flight  equilibria  of 
aircraft  from  VP1G.  This  method  was  called  the  name  the  method  of 
powers. 


The  variety  of  the  described  graphe- a nai yt ic  methods  is  N.  Ye. 
Joukowski's  method,  which  makes  it  possible  to  determine  the 
parameters  of  the  steady-state  modes  of  the  motion  of  aircraft  also 
with  the  aid  of  graphic  constructions.  Let  us  examine  system  of 
equations  (2.12),  describing  steady  rectilinear  flight  without  bank 
and  slip.  In  its  vector  form  it  is  possible  to  write  in  the  form 

£ + (2.19) 

or,  by  passing  over  to  the  dimensionless  coef f icients: 

r,-Lf(  f f**=0.  (2.20) 

On  the  basis  of  equation  (2.20)  is  constructed  the  triangle  of 
forces  from  which  graphically  is  determined  the  value  of  the  required 
coefficient  of  cP.  ano,  consequently,  required  thrust.  Since  to 


each  flight  conditions  corresponds  its  relationship  between  the 
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vectors,  which  eater  equation  (2.20),  triangle  of  forces  m'lst  be 
constructed  for  each  flight  conditions.  The  construction  of  triangle 
of  forces  is  fulfilled  as  follows  (Fig.  2.4).  Accepting  as  the 
axle/axis  of  c ^ the  direction,  opposite  to  heading,  is  constructed 
at  arbitrary  point  tne  polar  ot  aircraft,  plot/depositing  C ^ a r.d 

C.  on  identical  scales- 

Page  37. 


For  a flight  with  the  assigned  angle  of  attack  a it  is  possible  to 
construct  the  ray/beam  of  c ^ from  the  origin  ot  coordinates  into 
the  point  of  the  polars,  which  corresponds  to  preset  angle  a,  and  the 


direction  of  the  beams  of  c.^  and 


Cp,  which  are  known  ( C. 


$ 


is  directed  always  down,  <3p  along  the  thrust  line  at  an  angle 
(X.  ± to  heading).  The  node  of  the  action  of  and 

forms  the  unknown  triangle  of  forces  for  this  flight  conditions  from 


which  are  determined  the  values  oi  Cp  and  . The  value  of 

required  thrust,  is  determined  by  eguality 
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(2.21) 


escape/ensumg  of  the  similarity  of  the  rorce  triangles  P,  G , P or  of 
their  dimensionless  coefficients  of  cp>  fg<  cn- 


In  the  practice  of  aerodynamic  designs,  is  utilized  and  t he 
so-called  energy  method,  developed  by  V-  S.  Pyshnov.  Method  is  based 
on  the  Known  from  the  course  of  theoretical  mechanics  position,  which 
confirms  that  during  the  motion  of  solid  body  rn  force  field  the  wor< 
of  external  forces  is  equal  to  a change  in  tne  kinetic  energy  of 
body. 


By  energy  method  it  is  not  possible  to  determine  the  toni  ot 
trajectory,  then  it  makes  it  possible  to  sutficiently  simply  find 
some  flight  characteristics-  The  a p pi icat ion/ use  of  an  °nergy  method 
in  concrete/specif ic/act ual  examples  is  examined  in  the  subsequent 
chapters.  Here  we  will  pause  only  at  *-he  certain  common/ge nera  1/t ot al 
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principles  of  this  method. 


Total  energy  E of  the  driving  body  in  potential  field  is 
expressed  by  the  sum  of  the  kinetic  and  potential  energies: 


If  the  aircraft  travels  at  a speed  V at  heiy ht/altitude  H 


its  kinetic  energy  is  equal  to 


mVI 
2 ’ 


a potential 


En=GH. 


t h en 


Thus,  total  energy  of  the  aircraft,  which  flies  at 
heiyh t/altitude  H with  a velocity  of  V,  will  be  equal  to 
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-\-GH . 


(2. 22) 


. After  dividing  the  value  of  total  energy  of  aircraft.  E by  its 

weight,  let  us  find  the  energy  of  the  unit  of  the  weight  of  aircraft, 
i.e.  , specific  mechanical  energy.  The  value  of  specific  mechanical 
energy  is  measured  in  linear  units  and  it  was  called  therefore  the 
name  energy  height/altitude.  Energy  height/altitude  in  accordance 
with  formula  (2.22)  will  be  equal  to 


vi 


(2.23) 


Page  38 
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Physically  enetjy  height/a  It  it  ude  is  tne  greatest 
height/a  It  itude  to  which  can  be  built  up  the  aircraft  with  the 
constant  values  of  totil  energy  and  weight  with  an  incidence/d  rop  in 
the  speed  to  zero.  Virtually  the  lift  or  aircraft  to  the 
height/altitude  of  is  unrealizable,  since  the  aircraft,  with 

aerodynamic  controls  at  low  flight  speeds  becomes  unguided. 


let  us  examine  the  application/use  of  an  enerqy  method  in  a 
followinq  example.  Let  us  assume  that  we  should  find  the  duration  of 
ascent  of  aircraft  from  height/altitude  H , to  hei qh t/a 1 t i t ude  H2. 
Fliqht  speeds  at  he iqht/altit udes  H t and  H2  are  respectively  equal  to 
Vt  and  V2.  On  cut  dL,  the  aircraft  accomplishes  the  worx,  equal  to 
the  product  of  a difference  in  the  turust  and  resistance  on  dl,  and 
this  work  must  be  equal  to  the  chanqe  cf  total  enerqy  of  aircraft. 
Thus,  we  have 

dE={P—  X)dl.  (2.24) 

After  dividinq  the  left  and  riqht  sides  of  equation  (2.24)  by 
weight  of  aircraft  and  by  taking  into  account  the  first  equality  of 
system  (2. 14) , will  obtain  for  the  change  of  energy 
he iq h t/a It  it ude  expression 
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dHt*=nxdl. 


Since  Jl  = Vit,  it  is  possible  to  write 

dH  t*=Vnxdt, 

whence  it  follows  that 


t 


where  the 


yi 


of 


Knowing  the 
Vs  H j) ) it 


law  of  the  change  of  speed  with  the 
is  possible  to  find  ^ = J-  C H^)  and 


heigh  t/al t i t ado 
from  formula 
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(2.25)  to  deter  mint?  the  duration  of  ascent  of  aircraft  from  one 
height/altitude  to  another. 


PROBLEHS  FOR  KEPF.TITION- 


1.  Which  forces  do  act  on  aircraft  during  its  flight? 

2.  Why  during  flights  in  upper  air  the  effect  of  aerodynamic 
forces  can  ne  disregarded?  How  are  related  the  values  of  air  density 
at  height/altitudes  15  and  70  km? 


3.  when  can  arise  negative  excess  load. 


4.  Of  what  does  consist  a difference  in  the  available  powers  of 
turboprop  and  piston  engines? 


5.  When  is  applied  the  method  of  thrust/tods,  while  when  the 


method  of  powers  and  why? 
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PROBLEM. 

Aircraft  flies  at  the  altitude  of  H = 10  km  with  a velocity  of 
720  k»/h.  To  find  its  specific  mechanical  eneryy. 

AnsKer/response : 12(0j8  m- 
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Chapter  III. 


LEVEL  FL1C.HT. 


§3-1.  Equations  of  motion. 


The  flight  of  the  aircraft  with  which  the  heiqht/ait i t u le  does 
not  change,  is  called  horizontal.  In  the  general  case  the  horizontal 
flight  trajectory  will  be  curvilinear,  in  tnis  case  the  aircraft  can 
fly  with  oank  and  slip.  In  the  particular  case  the  trajectory  can  he 
rectilinear  and  aircraft  does  not  have  a bank  and  a slip.  Let  us 
examine  this  case. 


With  straight  path  the  flight  path  angle  6 is  equal  to  zero, 
lift  force  is  directed  vertically  (Fig.  3.1)  and  the  equation  or 
motion  (2.11)  they  take  the  form 
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Duiing  steady  rectilinear  flight  (V  = const)  the  equations  of 
(3.1)  are  simplified: 


P 

Y 


(3.2) 


Page  40 
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Under  actual  conditions  there  is  no  motions  of  aircraft,  wnich 
is  characterized  by  the  constancy  of  all  parameters,  since  in  flight 
of  aircraft  change  its  weight  and  the  parameters  of  surroundinq  air, 
and  consequently,  t ney  change  the  engine  thrust,  lift  and  drag.  Air 
currents  also  affect  flight  conditions. 


The  degree  of  error  during  the  calculation  of  the 
characteristics  of  norizontal  flight  (minimum  and  maximum  speeas  and 
of,  etc)  on  simplified  equations  ( 3.  2)  depends  on  the  value  of 
thrust-weight  ratio  P whose  hearth  is  implied  thr ust-to-we ight  ratio 
P/G. 

For  subsonic  aiLcraft  this  error  does  not  exceed  2-5o/o,  with  an 
increase  in  the  thrust-weight  ratio,  it  increases  and  ror  a 
supersonic  aircraft  can  achieve  lOo/o. 


§3.2.  Necessary  horizontal  flight  speed. 


Tne  speed, 

relat  ive  to  air 


necessary  for  the  steady  level  flight  of  aircraft 
at  those  which  were  assigned  gross  weight  anl  angle 


* 
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of  attack,  is  called  required,  subsequently  under  flight  speed,  will 

be  implied  the  required  speed  (sometimes  this  speed  is  called  air) . 

After  expressing  lift  in  the  second  equation  of  system  (3.2)  by  the 

oVJ 

lift  coefficient  of  C-  „ , velocity  head  of  — and  the  wing  area 

* 

s: 


(3.3) 


we  will  obtain  expression  for  determining  the  velocity  of  the  level 
flight: 


(3.4) 


. Hence  it  tolLows  that  with  constants  to  the  specific  wing  load 

G/S  and  densities  v with  an  increase  in  the  angle  of  attack  up  to 
critical  value  the  velocity  decreases.  With  an  increase  in  altitude 
of  flight,  the  air  density  p decreases;  therefore  with 
constant/invariable  angle  of  attack  and  the  specific  wing  load. 
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velocity  of  V must  increase,  in  order  that  with  the  increase  in 
altitude  the  flight  speed  would  remain  constant,  necessary  to 
increase  angle  of  attack. 


In  tlying  practice  with  known  gross  weight,  the  horizontal 
flight  condition  usually  is  assigned  by  flight  altitude  and  by  the 
value  of  equivalent  or  instrument  airspeed*  Under  equivalent  airspeed 
is  implied  the  speed,  necessary  for  a flight  at  the  level  of  sea 
under  standard  atmospheric  conditions  (p  = 1.225  kg/m3,  p = 760  mm 
Hg,  T = 28B°K)  with  that  velocity  head,  as  under  real  flight 
conditions.  Equivalent  airspeed  of  \4  is  connected  with 
instrument  V by  the  relationship  of  \J-  -Vnn  7-/1  / where  A V 

- correction  for  readings. 


Page  41. 


Correction  AV  considers  the  instrument  correction,  determined  by 
the  laboratory  calibration  ot  instrument,  and  the  aerodynamic 
correction,  which  considers  a possible  difference  of  the  static 
pressure  in  the  sensor  station  from  pressure  in  the  environment, 
since  aircraft  ana  sensor  itself  distort  flow.  During  the 
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determination  of  equivalent  airspeed,  is  considered  also  the 
correction  in  the  compressibility  of  ait-  indicated  and  indicator 
speeds  can  be  considered  equal  between  themselves  only  during 
approximate  solutions,  since  the  difference  between  them  can  be 
si g ni f icant. 


The  equality  or  velocity  heads  in  flight  of  the  Earth  at 
equivalent  airspeed  of  V ■ and  in  flight  at  rated  altitude  at 
airspeed  of  V 


0ov'_vHv* 

2 2 ’ 


Bakes  it  possible  to  establish/install  the  dependence  between  these 
speeds: 


v-v, 


(3.5) 
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where  tho  A - 


the  relative  uensity  of  air,. 


In  flight  of  the  Earth  (H  - 0,  A = 1)  indicator  and  airspeeds 
coincide.  With  an  increase  in  altitude,  the  difference  between  the 
airspeed  V and  indicator  V ^ increases.  So,  at  heiqht/altitude  H = 
10p00  in  airspeed  exceeds  indicator  1.72  times. 


In  flight  at  different  height/altitudes  at  one  and  the  same 
equivalent  airspeed,  velocity  head  at  all  height/alti tudes  is 
identical.  Consequently,  in  this  case  of  aircraft  witn  fixed  weight 
accordinj  to  relationship  (3.3)  lift  coefficient  and  also, 
therefore,  angle  of  attack  they  must  be  constant/invariable.  If  lift 
coefficient  decreases,  then  velocity  head  and,  consequently,  al^o 
equivalent  airspeed  must  increase.  Because  of  such  a 

communication/connection  between  equivalent  airspeed  and  coefficient 
of  lilt  is  simplified  the  monitoring  of  flight  conditions. 


§3.3.  The  required  thrust  of  engines  for  a level  flight. 


The  required  thrust  in  the  steady  level  flight  is  the  force 
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which  balances  dray.  The  value  of  the  required  thrust  of  it  is 

possible  to  determine  from  the  first,  equation  of  system  (3.2),  after 
expressing  dray  by  ♦‘he  dray  coefficient  of  C l 

A 


p 


II 


(3.6) 


or  by  the  teL m- by-ter m division  of  the  first  equation  of  system  (3.2) 
into  the  second : 


ooh 


e.n  c e- 


£i 

c„ 


K ’ 


(3.7) 


where  the  K = Cy/Cx 


aerodynamic  fineness  ratio. 
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Pig.  3.2.  Dependence  of  the  required  thrust  of  subsonic  aircraft  on 
speed . 
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It  jross  weight  a p pr  ox  imat  el  y is  considered  constant#  t nc.  n 
requires  thrust/rod  will  depend  only  on  the  lift-drag  ratio  K,  which 
is  the  function  of  the  angle  of  attack  <i,  of  Mach  number  of  flight  (P 
= V/a ) and  of  the  flight  configuration  of  aircraft  (landing-gear 
position,  the  flaps,  the  presence  of  external  suspensions  and,  f*c) . 
The  characteristic  form  of  the  dependence  of  reguired  thrust  on 
flight  speed  for  the  subsonic  aircraft  in  which  is  absent  wave  drag, 
is  given  in  Fig.  3.2.  The  curve  of  tne  dependence  of  requited 
thrust/rod  on  speed  is  called  curved  Joukowsxi. 


Flow  the  course  of  aerodynamics,  it  is  known  that  tae  lift-drag 

ratio  has  the  maximum  value  at  greatest  angle  of  attack  of  cc  . 

This  determines  the  character  of  the  dependence  of  required  thrust,  on 

flight  speed.  At  the  minimum  flight  speed  and,  therefore,  with 

cc  - cc  ^ p (in  Fig.  32  cc:  c*~  ^ ^ - 0.3  -rct-cQ  quality  is  low. 

With  an  increase  in  the  velocity,  the  angle  of  attack  decreases,  the 

quality  of  increases  required  thrust  falls,  reaching  the  minimum 
. . , TJ-cL, 

value  with  of  K =/\7)a^(0[  = i ^ii  i.  see  Fig.  3.2).  During  a 

further  increase  in  the  velocity  and  the  corresponding  decrease  in 
the  angle  of  attacx,  the  quality  decreases,  but  required  thrust 


begins  to  increase 


us  examine  the  compressibility  effect  of  aiL 


and  other  factors  on  the  value  of  required  thrust 
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Compressibility  effect  of  air  on  the  value  cf  required  thrust. 


After 
product  of 


replacing  in  formula  (J.6)  the  velocity  of  flight  on  the 
Mach  number  to  the  velocity  of  sound,  tie  will  obtain 


p.-'j  (3  8) 
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Fi<j.  J.J.  Dependence  ot  profile  dray  and  the  requirf?d  thru.*  o f 
supersonic  aircraft  on  'lach  number. 
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In  this  expression  the  value  of  can  depend  on  *1  ach  number. 

From  the  course  of  aerodynamics,  it  is  known  that  the  drag 
coefficient  of  is  equal  to  the  sum  of  the  coefficients  of  the 

profile  and  inductive  reactances: 

ci  — c t.  +fjr /• 

The  coefficient  of  inductive  reactance  is  proportional  to  the 
square  °f  lift  coefficient,  the  proper t iona li t y factor  in  the 
transonic  and  supersonic  zones  of  fliqht  increasing  with  an  increase 
in  Mach  number  of  flight. 


M c M , the  coefficient  of  profilr 

K p 


At  flight  speeds  from 
drag  of  c p in  practice  barely  depends  on  Mach  number.  In  the 


transonic  field  of  flight,  i.e.,  with  /V)^  ^ M 


coefficient  of 
coefficient  of 


Or  0 


grow/tises.  At  supersonic  speeds  the 


c-x  q decreases  proportional  to  the  value  of  ^ ( • 


Of  supersonic  aircraft  with  the  wing  of  larye  sveepback  the 
laximums  ot  profile  drag  (because  of  wave)  of  wing  and  fuselage,  do 
not  coincide  in  Mach  numbers  (Fig.  J.3a);  therefore  the  gr  aph/d  iaq  ram 
of  the  dependence  of  c,«e<-/(M)  it  can  have  two  maximum.  The 


m* 
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first  maximum  (point  B)  corresponds  to  the  maximum  wave  drag  of 
fuselage,  the  second  maximum  (point  D)  - to  Mach  number,  with  which 
the  front/leading  stern  of  wing  becomes  supersonic.  This  change  in 
the  coefficient  of  profile  drag  of  aircraft  leads  to  the  appropriate 
change  in  the  required  thrust:  in  ranges  AB  and  CD.  the  required 
thrust  grow/rises  more  intense  about  tc  comparison  with  ranges  8C  and 
DE  (Fig.  3.3b).  By  dotted  line  is  shown  the  curve  of  the  required 
thrust  which  can  be  obtained,  it  we  disregard  wave  drag. 

Altitude  effect  on  required  thrust. 


As  it  is  already  Known,  with  constants  velocity  head  and  the 
weight  of  aiLcratt  and  in  the  absence  of  the  increase  of 
compressibility  the  lift  coefficient,  and  also,  therefore,  angle  of 
attack  they  do  not  depend  on  flight  altitude;  therefore  lift-drag 
ratio  under  these  conditions  also  will  be  constant  and  required 
thrust  at  the  fixed  angle  of  attack  will  not  depend  on  flight 


alt it  ude. 
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Page  44. 


Fig.  3.4.  Dependence  of  the  required  thrust  of  subsonic  aircraft  on 
flight  altitude  ( H0<H » < 112<H  j)  . 
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However,  the  speed,  required  tor  a level  flight,  at  constant  angle  ot 
attack  with  a change  in  altitude  ot  flight  is  changed  according  to 
equation  (3.5) ; as  a result,  in  proportion  to  the  increase  in  the 
flight  altitude  the  curves  ot  required  thrusts,  without  changing  its 
iom,  they  are  displaced  to  the  right  (Fig.  3.4).  For  the  plotting  of 
curves  ot  the  required  tnrusts  of  transonic  and  supersonic  aircraft, 
it  is  necessary  to  preliminarily  plot  the  so-called  flight  polars. 

Flight  polar  (polar  horizontal  flight  condition)  is  called  the 
gr aph/diagra m of  the  dependence  of  c ^ on  c,x  , 

constructed  tor  fixed  flight  altitudes  and  weight  of  aircraft  at  the 
different  values  of  Mach  number. 

After  replacing  in  equation  ( )„  1)  the  velocity  ot  flight  by 
multiplying  by  the  number  Mo,  we  will  obtain 


2Q~  2(7  J_ 

C,~  era S ~ c«*S  MJ ' 


(3.9) 


At  the  base  altitude  ot  flight,  equation  (3.9)  gives 
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commun  icat  ion/connect  ion  between  ol 


and  M . Cut  v?,  that 


connects  those  which  were  plotted/appii ed  with  the  cucve/graphs  of 


the  c ~ -f  (&ti)  of  the  points  which  correspond  to  rated  values  of  A 
* a 

and  c u > and  it  will  be  flight  polar  fer  the  base  altitude  of  flight 
o 

(Fig.  3.5).  Usually  flight  polars  are  constructed  for  several 


altitudes.  At  the  suncntical  values  of  Mach  number  the  flignt  polars 
of  different,  heijht/altitudes  are  fused  into  one  curve. 


Figure  3.5  shows  that  in  flight  of  transonic  aircraft  at 
height/altitude  rt  = 10  Ka  with  an  increase  of  the  velocity,  for 
example,  from  the  mode/conditions,  noted  by  point  1,  the 
mode/cond it  ions , which  corresponds  to  point  6,  the  lift-drag  ratio 
first  increases  to  the  maximum,  and  then  it  decreases.  This  it  is 
possible  to  note  and  for  other  height/altitudes. 


The  flight  polars  of  supersonic  aircraft  have  their  special 
feature/peculiarities  (Fig.  3.6),  caused  by  a decrease  in  the 
coefficient  of  the  airfoil  impedance  of 


speeds.  At  the  low  values  of  the 


'y 


°*c  at  supersonic  flight 
of  polar,  they  ace 


shif t/sheated  to  the  left  (for  example,  see  polars  for  M = 2.5  and  M 

* 1.2).  With  an  increase  in  the  velocity  of  flight  from  the  subsonic 

to  the  transonic,  the  polars  with  of  C are  shi f t/s hear ed  to 

3 
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the  right,  flight  polars  are  deflected  to  the  right  (for  example  the 
flight  polar  ABC),  and  lift-drag  ratio  cn  section  BC  intensively 
falls.  At  supersonic  speeds  flight  polar  is  deflected  to  the  left 
(CD)^  $ and  the  rate  of  a decrease  in  the  quality  decelerates.  Quality 
change  upon  transition  from  subsonic  speeds  to  the  field  supersonic 
with  respect  affects  a change  in  the  required  thrust  (see  Fig.  3.3). 


7 1>031  3 3 o 
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S.  Fliyht  polars  of  trantor.ic  aircraft. 


b.  Flight  polars  of  supersonic  aircraft. 
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Fiq.  J.  7.  Dependence  of  the  required  thrust  ot  transonic  aircraft  on 
tliqht  altitude. 

Fiq.  3.6.  Dependence  of  the  required  thrust  of  supersonic  aircraft  on 
fliqht  altitude. 
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The  peculiarity  of  the  form  of  the  flight  polars  of  transonic 
and  supersonic  aircraft  shows  up  in  the  nature  of  curved  required 
thrusts  at  near-  and  supersonic  speeds.  Of  transonic  aircraft  in 
flight  at  low  speeds  at  the  heiy  h t/a  It  i tud  es  of  order  9^11  kin  *-hp 
character  of  curved  required  thrusts  (Fig.  3.  7)  the  same  as  of 
aircraft  at  the  subcntical  speeds:  at  high  speeds  the  curves  as  a 
result  of  a decrease  in  the  lift-drag  ratio  deviate  upward. 


PAGE 
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The  points  ot  the  deviation  of  required  thrusts  from  the  direction  in 
which  is  not  considered  the  compressib 1 lity  effect,  correspond  to  the 
appearance  of  a snock  stall,  tut  flight  polars  in  the  anqles  of 
attacK,  which  correspond  to  these  speeds,  they  dir for  from 
subcritical  polar  (in  Fig.  3. 5 for  height/altitude  H = 10  km  the 
point  ot  deviation  is  point  4).  With  an  increase  in  altitude,  the 
beginning  or  shock  stall  appears  at  lower  speed,  since  with  an 
increase  in  altitude  the  sound  propagation  velocity  and  air  density 
decrease,  and  tor  maintaining  level  flight  necessary  to  increase 
d , a that  means  and  angle  of  attack. 


Ot  supersonic  aircraft  the  curve  cf  required  thrust  for  low 
altitudes  has  similar  character  (Fig.  J.  b)  , but  for  high  altitudes  it 
considerably  rt  differs  from  the  curved  required  thrust  of  transonic 
aircraft.  At  low  altitudes  the  required  thrust  will  be  minimum  at 
subsonic  flight  speed,  while  on  large  it  will  be  with  supersonic, 
whereupon  the  minimum  required  thrust  at  high  altitudes  more  the 
minimum  required  thrust  of  aircraft  at  low  altitudes. 


Effect  of  the  gross  weight  of  aircraft  on  the  value  of  required 


thrust 
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The  effect 
required  thrust 
low  speeds. 


of  the  gross  weight  of  aircraft  on  the  value  of 
especially  strongly  manifests  itself  in  flight  the 


From  relationship  (3.9)  it  is  evident  that  during  just  one 
increase  in  the  gross  weight  an  increase  in  the  lift  coefficient  will 
increase  with  a decrease  in  the  velocity  of  flight,  if  one  considers 
that  at  low  fliyht  speed  the  lift  coefficient  large,  and  the 
coefficient  of  inductive  resistance  is  proportional  to  the  square  of 
the  value  of  lift  coefficient,  then  it.  will  become  it  is  clear  that 
with  a the  drag  of  aircraft,  and  also,  therefore,  required  thrust,  it 
will  be  more  than  at  high  speeds  (Fig.  3.9). 


§ 3.4.  Required  power  for  a level  flight. 


The  power,  spent  on  the  overcoming  of  the  drag  of  tne  aircraft, 
which  flies  with  by  given  speed  and  weight,  is  called  required  power. 
Is  determined  it  by  relationship 
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(3  -)o) 


Page  47. 

After  substituting  into  formula  (3.10)  expression  for  required 
thrust  ( 3 . b ) , we  will  obtain 


V -liMl 
■ 2 " 


C3-II) 


At  the  constant  values  of 


C } S and  p,  the  required  power  is 


proportional  to  the  cube  of  speed 
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For  the  analysis  of  the  flight  characteristics  of  aircraft  to 
conveniently  ^se  the  expression  for  a required  power#  obtained  by  the 
substitution  of  the  value  of  the  required  thrust  trora  equality  (J.7) 
of  relationship  (1.  10)  : 


.V 


n 


(3.  /i) 


. It  we  into  relationship  (3.12)  instead  of  the  velocity  of 

horizontal  flight,  substitute  its  value  from  formula  0.4),  th»n  we 
will  obtain  expression  tor  determining  required  power  in  the  forn. 


A'--f 


,3,2 


- ,J  I qT 


C3-i3) 


. The  character  of  a change  of  the  required  power  dependin']  on 

flight  speed  is  shown  in  Fiq.  3.10.  With  an  increase  in  the  velocity, 
the  required  power  first  decreases  (from  a = 0.3  to  a - 0.18),  and 
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then  it  increases  (fLom  a = 0.  Id  to  a = 0*03).  However*  the  minimum 
of  required  power  dees  not  coincide  in  angle  of  attack  and  in 
velocity  with  the  minimum  of  required  thrust. 


Unlike  the  required  thrust  wuose  minimum  is  determined  most 
advantageous  angle  of  attack  and  by  the  maximum  of  lift-drag  ratio, 
required  power  will  have  the  minimum  value  with  minimum  value  of 

Cx  Cx 

fraction  “tv  . The  relation  of  —53  is  designated  by  power 

ci  *» 

factor  of  power. 


The  effect  of  operational  factors  on  the  value  of  required  power 
can  be  examined  in  an  example  of  the  aircraft  with  propeller  engines, 
flying,  as  a rule,  with  the  small  Mach  numbers  when 

there  is  no  wave  drag.  Required  powers  for  different  lieight/alt  it  udes 
can  be  determined,  if  is  knewn  the  required  power  of  the  Earth  (li  = 

0)  . Por  determining  communication/connection  between  required  powers 
at  he  iq  ht/a  It  it  ude  li  and  of  the  Earth  let  us  write  relationshif 
(3.10)  for  a flight  or  the  Faith  and  on  height/altitude  H: 

M Nnll  = Pn  HV  . 

Cf'f  * <3TA’«af  J 

Since  with  constants  angle  of  attack  and  gross  weight  the 
required  thrust  does  not  depend  on  flight  altitude*  i.e.» 
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10.  Dependence  ol  requited  power  on  fliqht  speed. 


11.  Dependence  of  required  power  on  he  iq ht/alt it ude  and  fiigh 


Uni 


H-0.  2 “ b AH-K)*u 
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Thus,  during  a change  in  altitude  of  flight,  but  with  constants 

angle  of  attack  and  gross  weight  required  power  and  required  speed 

(3.5)  vary  indirectly  square  root  from  tho  value  of  the  relative 

density  of  aiL  A-  Therefore  for  obtaining  required  power  on 

heigh  t/a  It  it  tide  H,  is  sufficient  both  coordinates  or  each  point  of 

curved  requited  power  of  the  Earth  to  multiply  by  the  value  of 
1 

FT' 


For  this  reason  for  the  points,  atran ge/located  on  different 
curved  required  powers,  but  correspond  one  and  the  same  to  angle  of 
attack,  lie/rest  on  fhe  ray/beam,  coming  out  from  tha  origin  of 
coordinates.  Specifically,  all  the  curves  have  one 
common/general/total  tangent  (Fig.  1.11).  Points  of  contact  of 
tangency  correspond  to  i light  at  most  advantageous  angle  of 
Actually,  at  these  points  the  ratio  of  required  power  to  f light  speed 
it  will  be  minimum.  Since  this  relation  in  accordance  with  formula 
(3.10)  is  equal  to  the  required  thrust  of  flight,  at  point  of  contact 
of  tangency  the  required  thrust  will  be  minimum,  which  is  possible 
only  iii  flight  with  most  advantageous  angle  of  attack,  i.e.,  with  the 
■ a xi mum  quality. 


The  effect  of  gross  weight  on  the  value  of  required  power  is 
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exhibited  mote  strongly  than  the  etlect  of  required  thrust,  since 
with  a gain  in  weight  increases  not  only  reguited  thrust,  but  also 
the  required  flignt  speed. 
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^3.5.  characteristic  velocities  of  level  flight. 


The  flight  fineness  ratios  ate  characterized  by  many  parameters, 
in  number  of  which  enter  the  so-called  characteristic  velocities: 
minimum,  is  most  advantageous,  economic,  cruising,  maximum  level 

flight. 


Minimum  theoretical  is  called  the  smallest  flight  speed,  at 
which  the  lift  still  can  balance  tue  gross  weight  of  aircraft  at  base 

alt  it  ud e. 


Graphically  the  value  of  the  minimum  pitch  speed  is  expressed  by 
the  abscissa  of  the  point  of  contact  of  the  tangency  of  straight 
line,  parallel  axis  of  ordinates,  with  the  curve  of  required  thrusts 
for  an  aircraft  with  the  jet  engine  (Pig-  3-12)  or  of  the  curve  of 
required  powers  for  an  aircraft  with  screw  propeller  (Fig.  3.13). 
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Analytically  the  value  ot  minimum  speed  at  the  engines  of  ar.y 
types  is  determined  from  formula  (1.4) 


2(1 

CV  max^U 


(.3-  1 5 J 


. The  minimum  speed  of  V • usually  is  called  theoretical 

c mtn  1 

minimum,  since  in  flying  practice  this  speed  is  not  used. 


most  advantageous  is  called  the  velocity  of  the  steady 
rectilinear  horizontal  flight  with  most  advantageous  angle  of  attac), 
but  that  means  with  the  minimum  required  thrust.  Graphically  the 
flight  conditions  at  optimum  speed  for  an  aircraft  with  turbo-jet 
engine  is  determined  oy  the  point  of  contact  of  the  tangency  of 
straight  line,  parallel  axis  of  abscissas,  and  the  curve  of  required 
thrusts  (see  Fig.  3-12). 


Fer  an  aircraft  with  screw  propeller,  the  flight  conditions  at 

optimum  speed  graphically  is  uetermined  by  the  abscissa  of  the  point 
of  contact  of  the  tangency  of  straight  line,  carried  out  from  the 
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origin  ot  cooed inat es,  and  the  culvp  of  required  powers  (see  Fiq. 

3. 13)  . 


Page  50. 


Analytically  the  value  of  V for  aircraft  with  the 

1 H3.M3 

engines  of  any  types  in  the  absence  of  wave  drag  is  calculated 
similarly  V ■ from  equality  (3.4); 


(3.  / (s  ) 


. If  the  flight  polars  of  this  aircraft  are  constructed,  then 

the  values  of  C can  be  defined  graphically  by  polars  as 

ordinates  of  the  point  ot  contact  ot  the  tangency  of  straight  lint', 
carried  out  from  the  origin  of  coordinates,  with  the  curve  ot  polars. 


During  the  determination  of  optimum  speed  from  relationship 
(3.16)  the  latter  can  be  converted  so  that  it  would  mike  it  possible 
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to  estimate  the  effect  of  str uct Ural/desi gn  factors.  So.  if  wo 
disregard  com  press  ibi  1 i t y and  drag  coefficient  to  express  known  from 
course  aerodynamics  by  formula 


<'x=C«> 


where  the  are  the  effective  aspect  ratio  of  wing,  then 

respectively  lift-drag  ratio  will  be  expressed  by  equality 


cxQ  + 


. in  flight  with 

ratio  will  be  maximum. 


most  advantageous  angle  of 
derived  SK/Se,  will  be 


attack,  lift-drag 
equal  to  zero  ard. 


consequent ly : 
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. After  the  substitution  of  this  value  of 

formula  (j.  16)  the  latter  obtains  the  form: 


c- 

t]  fiCLHg 


into 


V 


h*k» 


2(1 


c.3>  /*? ; 


. The  economic  speed  of  V aircraft  with  screw 

j 

propellers  corresponds  to  the  minimum  required  power  (sea  Fig.  J. 


Analytically  the  value  of  economic  speed  can  be  calculated  a 
the  preceding/previous  cases,  according  to  tcrmula  (3.4): 


) 

J 


13)  . 


s in 
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Taking  into  account  that  the*  required  power  in  flight  at  economic 


speed  rs  minimum,  i.e. , 


~{PmV)a 


and  utilizing  equalities  ( 3.U)  and  (3.7),  after  t ransf orma t ion  we 
will  obtain 
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- The  value  of  the  relation  ot  ( we  find  so,  as  this 

\ V 'min 

made  above  during  the  determination  of  K for  an  optimum 

Pi  cLX  r 

speed . 


Then  r„w  = ]/3r.rtnX,*, 


V..= 


v 


1a 


Sq 


During  the  dotpr mi  nation  of 


V. 


ZK 


gives  less  precise  results,  than  during  the 


analytical  the  me ' hog 

determination  of  V..  „ 

H<tHA 
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since  economic  speed  corresponds  to  high  angles  of  attacx  with  which 
the  pola t no  longer  will  coincide  with  quadratic  parabola™ 


From  the  comparison 

ot 

the  values 

ot 

Clt  and  c 

..  , and 

y Ha.  *6 

also  and  ^ e , 

we 

note  that 

the 

ot  the 

V3 

of  times  is  greater  than 
less  than  . 

the 

Cy  HIH&' 

a 

of  the  VwByHjS 

of  t imes 

CLuising  speed  ot  aircraft  with  TRD  is  characterized 
minimum  ratio  of  thrust/rod  to  the  speed  and  in  the  first 
approximat ion  corresponds  to  the  minimum  fuel  consumption 
kilometer.  The  concept  of  cruising  speed,  as  this  will  be 
chapter  V,  somewhat  conditionally. 


by  the 
per 

shown  in 


Graphically  cruising  speed  is  determined  by  the  abscissa  of  the 
point  of  contact  of  the  tanqenc y ot  straight  line,  carried  out  fiom 
the  origin  of  coordinates  (see  Fig.  3.  1Z),  lrcm  curved  required 

thrust. 


By  utilizing  equalities  (3.7)  and  (3.4),  after  transformations 
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we  will  obtain 


KV 


2(i 
c„Sq  I 


i -(?).,/  / 


ml  n 


<'U 
25  ' 


(3.21) 


Consequently,  flight  at  cruising  speed 

y/u. . 


of  attack,  by  rfhich  the  relation  of  c.  /C 

* # 


is 


is  realized  at 
mini  ma  1. 


the  angle 


For  determining  cruising 
substitute  the  cruising  value 


speed  into  formula  (i.U) 

of  the  C *.  : 

■3 


let  us 


V 


20 


*#rp cSq 


(3-- Z2.) 
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Taking  into  account  that  with 


the  relation  of 


is  ffliniroal,  and  assuming  that  wave  dray  is  absent,  let  us 


dif lerentiate  in  terras  of 


of  the  indicated  relation  and,  Ly 


equating  to  its  zero,  we  will  obtain 


3 ¥ __ 

A / t-r  Cjr°  n 

<>Cy  V cp  / 2c  'p  J ~ ' 


Hence 


u ¥ Kpc 


-/■ 


By  subat it ut i ny  the  value  of 
us  compute  the  value  ot  cruisiny  s 
minimum  relation  of  the  cJr\1' 


Ctj  Kf>Cs 


in  equality  (3.22),  let 


peed,  and  also  the  value  of  the 
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C r Kpc 
l/xpc 


_4 

3 


,3/4 

ITT 

*t> 


(3. 23) 


. Characteristic  speed  for  all  aircraft  is  also  the  maximum 

speed  of  level  flight.  For  a turbojet  aircraft  in  flight  at  maximum 
speed,  the  dray  is  equal  to  the  point  of  tangency  of  engines  i n their 
work  on  the  nominal  rating  *. 


FOOTNOTE  *.  In  flying  practice  are  distinguished  the  following  engine 
power  ratings  of  the  aircraft:  - takeoff,  that  corresponds  to  the 
permissible  engine  speed  and  to  its  full  thrust  of  PR  ^ ^ ; - 

nominal,  with  somewhat  by  less  number  of  revolutions  and  by  the  less 
thrust/rod  of  thp  of  component  about  0.9  : ~ 

cruising,  aetermined  by  a further  gear  down  and  t.hrust/rod; 
is  located  from  0.75  to  0.5  PR3  . ENDFCCTNOTE. 


Therefore  the  maximum  speed  of  aircraft  is  determined  by  the  point  of 
intersection  of  the  curved  available  and  required  thrusts  (Fig. 
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Fot  an  increase  in  ♦ho  maximum  flight  speed  insufficient,  one 
increase  in  the  thrust:  necessary  that  with  the  different 
modernizations  or  aircraft  point  of  tangency  would  increase  faster 
than  required.  In  tins  sense  advantage  belongs  to  the  turbojet 
engines  which  make  it  possible  to  obtain  high  thrust  at  the  al  mo.  *- 
constant  value  of  CL ^ . 


The  maximum  speeas  of  contemporary  turbojet  aircraft  are  located 

either  in  t:»e  subsonic  range  of  V * & crO  — / km/h  or  in  the 

max 

range,  which  considerably  exceed  the  speed  of  sound  { M > 1 . 5)  ; in 
flight  by  transonic  speed  very  grow/uises  the  wave  drag,  and  the 
aircraft,  designed  tor  flight  at  this  speed,  it  turns  out  to  be 
u neconom ical. 


For  an  aircraft  with  screw  propellers  in  flight  with  maximum 
speed,  is  satisfied  the  condition  of  Vp-"r,  and,  therefore,  to 
flight  conditions  at  maximum  speed  corresponds  the  point  of 
intersection  of  curves  reguired  and  available  powers  in  the  engine 
operation  on  the  nominal  rating. 
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3.b.  Effect.  of  operating  conditions  or  characteristic  flight 

speeds. 


Altitude  etrect  on  characteristic  fliqnt  speeds  is  most 
convenient  examined  with  the  aid  of  the  curved  required  and  points  of 
tangency  and  tne  powers,  constructed  for  different  flight  altitudes 
(Figs.  3.15  and  3.1b).  in  the  absence  of  wave  dray  for  determining 
ainimum,  economic,  most  advantageous  and  cruising  speeds  on  different 
flight  altitudes  it  is  possible  also  to  use  formula  (3.5),  if  art 
known  the  corresponding  speeds  for  any  height/alt itude,  for  example, 
of  the  Earth. 


Then  for  an  optimum  speed  we  obtain 


Vm 


V* 


(3.24) 
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In  a similar  manner  it  is  possible  to  obtain  expressions  for 
minimum,  economic  arid  cruising  speeds-  In  3.2  it  is  bygone  shown 
that,  if  independent  of  heiyht/alt itudc  angle  of  attack  is  constant, 
then  most  advantageous  equivalent  airspeed  will  be  identical  for  all 
height/a  It  it  udes. 
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Consequently,  in  or  ler  to  fly  at  any  h ei  ght/alt  it  ude  it  optimum 
speed,  to  pilot  sufficient  to  holu  one  an  1 the  same  indicated 
airspeed  (with  correction  for  it.,  readings),  and  this  cons  l der  at  1 v 
facilitates  aircraft  handling.  The  saint  it  is  [ossible  *o  say  about 
minimun,  economic  aril  cruising  speeds.  Corresponding  to  them 
equivalent  airspeeus  are  shewn  by  dotted  line  in  Fig.  1.17. 


Of  course,  this  simple  rule  acts  within  certain  limits  outside 
which  probable  deviations.  Fust  of  all,  if  at  high  velocities  or 
flight  appears  the  shock  stall,  which  affects  the  values  of  cx  and 
cv,  then  the  angle  of  attack,  which  corresponds  to  the  definite 

characteristic  speed,  will  change  with  height/altitmie.  The  law  of  an 
increase  in  the  minimum  speed  can  change  at  the  high  altitudes  ot 
flight  aue  to  a decrease  in  the  points  of  tangency  and  powers.  At 
high  altitude  the  cutves  of  requited  thrusts  and  powers  can  intersect 
with  those  which  are  had  at  two  points  (see  Figs.  1.15  and  3.1b), 
whereupon  the  point  ot  intersection,  which  corresponds  to  lower 
speed,  it  can  prove  to  be  lower  than  the  point,  which  corresponds  to 
flight  conditions  from  «i<p.  That  means  the  minimum  flight  speed  is 

restricted  no  longer  not  only  to  aerodynamic  flight  conditions,  but 
also  to  the  thrust  (with  a power)  ot  engines.  For  this  reason  in  the 
curve  of  appears  the  fracture  (see  Fig.  J.  17). 
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The  value  ot  maximum  s(it“ed  at  different  heiqht/alt it udes  is 
determined  from  the  points  of  intersection  ot  the  available  and 
required  thrusts  or  powers  (see  Fiqs-  3-15  and  3.16). 


Paqe  55. 


Since  in  fliqnt  at  maximum  speed  to  the  available  and  required  powei 
are  equal,  from  formulas  (3.6)  and  (1.11)  it  is  possible  to  obtain 
expressions  for  determining  the 


cxS\i 


(3.25  a-) 
(3. 25  4. ) 
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For  an  aircratt  with  TRD  [ tpjk  - turbojet  engine]  according 
to  formula  (3.25a)  the  maximum  speed  depends  on  change  by  height  of 
the  relation  of  pr/cxQ.  At  height/altitudes  to  11  km  in  the 

absence  of  compressibility  effect,  the  Cx  is  little  affected  by 
height;  the  relation  of  pp/q  grow/rises  with  height/altitude,  and 

with  respect  grow/rises  t lie  Vma„.  At  high  altitudes  the  relation 

of  pp/q  barely  depends  on  height/altitude,  but  grow/rises  the 
cx  and  Vmai  falls.  If  with  an  increase  in  altitude  of  flight 
appears  wave  drag,  then  the  cx  grow/rises  and  with  increase 


in  H decreases. 
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For  aircraft  with  screw  propellers  according  to  formula  (3. /fib) 
the  Vma„  depends  on  change  by  height  of  the  relation  of  A’p/c,e. 

On  aircraft  with  TVD  [ TBH  - turboprop  engine],  the  available 
enyine  power  of  which  up  to  altitudes  4-5  kin,  just  as  the  r,  of 
aircraft,  it  is  retained  approximately  constant,  the  relation  of 
V.,/0  grow/iises  with  he  ig  ht/a  lti  t ude  and  with  respect  grow/rises 
I’mav  At  hign  altitudes  the  available  power  begins  to  decrease  and 
V'ro„  falls. 


The  ranye  of  values  of  velocities  at  which  is  feasible  level 
flight  at  the  fixed  weight  of  aircraft  ana  flight  altitude,  is  called 
the  speed  range  of  horizontal  flight.  For  each  aircraft  there  is  the 
height/altitude  at  which  the  speed  range,  decreasing  in  proportion  to 
the  inciease  in  the  height/altitude,  subtends  into  point  (see  Fig. 
3.17).  At  this  hei  j ht/a  It  i t ude  of  i/roln=y,,„,»»=  This 

height/altitude  is  called  the  absolute  ceiling  of  aircraft.  In  other 
words,  the  absolute  ceiling  of  aircraft  is  called  the  greatest 
height/altitude  at  which  is  still  feasible  the  steady  level  flight. 

At  this  height/altitude  the  curve  of  point  of  tangency  (or  power) 
does  not  intersect  tne  curve  of  required  thrust  (or  power) , but  only 
it  concerns  it  (Fig.  3.18). 
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The  value  of  maximum  speed  for  a supersonic  aircraft  is 
determined  as  for  subsonic  aircraft  with  T8D,  by  the  character  of  the 
curved  available  and  required  thrusts  at  different  height/alti  tildes. 
If  the  curves  of  points  of  tanqency  with  an  increase  in  altitude  are 
displaced  down  (Fig.  3.19),  little  changing  its  configuration,  then 
the  curves  of  reguiLed  thrusts  with  an  increase  in  altitude  are 
transformed  very  considerably-  This  leads  to  the  fact  that  in  certain 
altitude  range  the  maximum  speed  begins  to  sharply  increase,  teaching 
the  yreatest  value  at  height/altitude  cn  the  order  of  11  km. 


j . i r ^ 


Fig-  3.18.  To  the  determination  ot  the  absolute  ceiling  of  aircraft. 


Fig-  3.19.  Required  and  points  of  tangency  of  supersonic  aircraft. 


DOC 


7b0a  1 336 


PAC.L- 


***  JU 


In  order  to  show,  as  affect  operational  factors  the  value  of 
maximum  speed,  let  us  take  the  logarithm,  and  then  we  will 
differentiate  the  expressions  tor  determining  maximum  speed  (3.25a) 
and  (3.25b),  having  preliminarily  replaced  in  formula  (3.25b)  the 
available  power  of  aircraft  with  product  propeller  efficiency  t]  by 
the  pcwer  of  /Va,  by  propeller  shaft: 


‘=_L/i"L. 

2 ' P 


do 


dS 


dCj  \ . 


(3. 26) 


max  

1 . </.\ 

d\ 

dQ 

dS  _ 

dc , \ 

(3.27) 

' mi* 

' 3 N 

1 

0 

s 

Cx  ) 

. From  formula  (3.26S  it  lollows  that  a change  in  thrust/rod  anu 

coefficient  of  the  impedance  of  aircraft  with  TFD  to  2o/o  leads  to  a 
change  in  the  maximum  speed  to  lo/o. 


For  aircraft  with  screw  propellers  [see  formula  (3.27)  ] a 
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relative  charge  in  the  *d  ximuj,  speed  composes  the  only  third  of  a 
relative  change  in  the  power  oi  enyme,  propeller  efficiency  and  dray 
coef i ic ie  nt. 


The  obtained  numerical  ratios  are  valid  only  in  such  a case, 

when  compressibility  effect  or.  the  character  of  the  flow  about  the 

aircraft  is  not  exhibited.  Otherwise  the  effect  of  the  values  of 

cx  and  pv  will  be  especially  substantially  for  aircraft  whose 

curves  of  the  required  and  points  of  tangency  intersect  at  small 

angle,  i.e.,  when  _/  g.  differs  little  fronr^-!!..  In  turn,,  on 

a.M  a.M 

the  parameters  of  Pp,  NM,  n,  cx  have  a considerable  effect  such 

operational  factors  as  change  in  the  large  temperature  range  of 
surrounding  air  (it  affects  the  Pp,  N„),  the  contamination  or  the 

icing  of  the  surface  of  aircraft  (it  affects  the  !).«»),  etc. 
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3.7.  Two  Flight  conditions. 


For  the  preser vat ion/reten t ion/maintai ni ng  of  the  constancy  of 
fliyht  speed,  is  necessary  the  equality  the  available  and  required 
thrusts  or  powers).  For  a t light  at  the  speed  less  than  maximum,  is 
required  the  thrust/rod  (or  power)  it  is  less  than  nominal.  A 
decrease  in  the  thrust/rod  (oi  power)  is  achieved  by  the 
throttling/choking  of  engine  (by  decrease  in  the  fuel  feed). 


The  equality  the  available  and  requited  thrusts  (or  powers) 
still  not  always  provides  the  stable  equilibrium  of  these  values. 
Much  is  determined  by  the  form  of  the  curved  available  and  required 
thrusts.  It,  tor  example,  airciaft  with  TRD  flies  with  the  speed  of 
Va  (Fig.  3.20a)  and  required  thrust  is  equal  that  which  is  had, 

then  during  a random  decrease  in  tue  velocity  of  flight  the 
resistance  of  airciart  becomes  lower  than  the  engine  thrust,  appears 
margin  of  thrust,  under  action  of  which  the  flight  speed  will 
increase  until  it  achieves  tht  value  of  V,\.  With  a random 

increase  in  the  velocity,  the  margin  of  thrust  will  be  negative,  and 


DOC  = 7 b 0 U 1 3 36  PACK  l?o 

as  a cpsult  of  negative  acceleration  the  velocity  decreases  to  the 
initial  value,  consequently,  in  point  A velocity  is  supported 
autom at ica 1 1 y , the  equilibrium  of  forces  of  resistance  and  thrust 
stable.  Let  us  note  that  at  point  A occurs  the  inequality 


dPn  ^ 

dV  " dV  ' 


(3. 28) 


i . e.  at  this  point  the  rate  of  an  increase  in  the  required  thrust 
hiqher  than  the  rate  of  an  increase  in  the  point  of  tanqency. 


In  fliqht  at  the  velocity  of  Vb  (point  B in  Fig.  3.20a) 

equilibrium  of  forces  will  not  be  stable,  since,  for  example,  during 
a random  decrease  in  the  velocity  of  flight  required  thrust  will 
exceed  that  which  is  had. 


Page  5«. 


Therefore  velocity  not  only  will  not  return  to  its  previous  value 
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but  it  will  be  even  more  from  it  deflected.  At  point  y,  occurs  the 

inequal  it  y 

dPn  dpv  (3.29) 

ov  ^ dr 

. If  in  the  process  of  Landom  changes  in  the  velocity  pilot  does  not 
change  with  the  deflection  of  elevatcr  angle  of  attack,  t ~?r.  an 
increase  in  the  velocity  leads  to  the  climb,  but  a decrease  in  the 
velocity  - to  reduction/descent. 

For  the  flijnt  conditions,  determined  by  points^  and  8,  is 
characteristic  one  additional  vital  difference.  For  an  increase  in 
the  velocity  of  flight  for  example  from  VA  to  Vc  it  suffices  to 
increase  the  engine  thrust  so  that  the  curve  of  point  of  tangency  is 
past  through  point  C.  The  appearing  margin  of  thrust  will  lead  to  a 
gradual  increase  o£  the  velocity  from  VA  to  vc,  and,  new 
velocity  will  be  held  stable.  For  a decrease  in  the  velocity  in 
comparison  with  of  VA  , it  is  necessary  to  decrease  the  engine 
thrus  t« 
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tot  at  increase  in  tne  velocity  ot  flight  from  VH  to  yn  , it 
is  necessary  to  first  create  positive  acceleration  by  a thrust 
augmentation  (is  curve  l iri  Fig-  3.20a)«  When  in  the  process  of 
acceleration/dispersal  the  velocity  reaches  the  value  of  Vn, 
required  thrust  proves  to  be  u,ore  than  had;  therefore  for  the 
prese rva t ion/re  ten t ion/mai ntain ing  of  new  velocity  necessary  to 
decrease  the  engine  thrust  in  order  to  balance  required  and  point  of 
tangency  (is  curve  2).  That  means  tor  a change  in  the  velocity  of 
Vn  , is  required  a double  change  in  the  engine  pow^r  rating,  and 
for  the  preservation/retention/maintaining  of  the  new  velocity  of 

in  view  of  unstable  flight  conditions,  necessary  continuously 
to  change  the  engine  power  rating. 


In  the  curve  ot  required  thrusts  it  is  possible  to  select  the 
point  to  the  left  of  which  flight  conditions  will  be  similar  to  the 
flight,  conditions  in  point  B,  and  to  the  right  - to  the  flight 
conditions  in  point  A.  At  this  point  (point  E)  the  rate  of  an 
increase  in  the  required  and  points  ot  tangency  is  identical,  i.r., 

dP„  _ 

0V  t»r  ' 


(3.30) 
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point  E divides  entire  speed  range  ftctn  Kmm  to  ^max  by  two 
parts-  The  flight  conditions  tor  which  is  satisfied  condition  (3.28), 
are  called  the  first  flight  conditions;  the  t 1 ight  conditions  rot 
which  is  satisfied  condition  (3.20) , they  are  called  by  the  second 
flight  conditions. 


Flight  in  the  second  raode/conditiofis  is  undesintle,  since 
subsonic  airotatt  in  this  mcde/condi  t ioni^  flies  at  low  speed,  and 
that  means  with  a compa  ratively  high  angle  of  attack,  which  cause.', 
poor  aircraft  handling.  Furthermore,  the  a ppr oach/approx im a t i on  to 
critical  angle  of  attack  increases  the  danger  of  stalling  an  wing  and 
of  inlet  into  corkscrew/spin  and  makes  engine  control  unusual  tor  a 
j.ilot. 
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By  analyzing  in  the  same  sequence  of  the  airplane  operating 
conditions  with  screw  propellers,  it  is  possible  to  obtain  the 
inequ  al it ies ; 


AV„  ^ dNv  (first 

ar  dv 


acde/condi  tionsj  , 


a^  a^p 

dv  ^ dv 


(second 


mode/cond it  ions)  . 


Since  the  flight  of  subsonic  aircraft  in 
■ode/cond it  ions  is  undesirable,  the  virtually 


the  second 

minimum  speed  of  level 


J 
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flight  is  the  speed  on  the  boundary  of  two  raode/cond it  ions . In  flying 
practice  for  subsonic  passenger  aircraft,  lower  velocity  limit 
usually  is  esta bl ish/i nst al lea  to  the  tight  the  boundary  of  two 
mode/ condit ions  in  order  to  have  certain  reserve  on  speed  and  not  to 
allow/assume  output/yield  to  the  second  mode/cond it  ions.  The  speeds, 
included  between  the  maximum  and  virtually  minimum,  compose  the 
operating  range  of  the  velocities  of  level  flight. 


The  boundary  of  two  mode/cond it  ions  of  subsonic  aircraft  with 
TRD  for  all  height/altitudes  is  velocity,  the  very  close  t o most 
advantageous.  This  is  explained  by  the  fact  tnat  the  point  of 
tangency  ThD  weakly  depends  on  rlight  speed  (see  Fig.  3.20a); 
therefore  condition  (3.30)  is  satisfied  at  that  point  where  required 
thrust  rs  minimum.  The  boundary  of  two  mode/conditions  of  aircraft 
with  screw  propellers  for  all  height/altitudes  is  the  speed,  close  to 
economic.  Since  and  most  advantageous,  and  economic  flight  speed  t hey 
increase  with  height/altitude,  the  range  of  the  service  speed  of 
level  flight  in  proportion  to  the  increase  in  the  height /a  1 * it ude 
first  insignificantly  changes,  increasing  or  decreasing,  buf  higher 
than  the  full-throttle  height  of  engine  rapidly  is  contracted, 
becoming  equal  to  zero  at  the  height/altitude  of  absolute  ceiling. 
With  the  landing  gear  lowering  and  flaps  in  takeoff  and  landing 
mode/cond it  ions,  the  speed,  which  divides  the  first  and  second 
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mode/conditions,  lecredses;  therefore  flight  is  realized  virtually  in 
the  first  mode/conditions. 

Of  tne  supersonic  aircraft  possible  two  the  first,  and  two 
stalled  of  flight  conditions,  one  in  subsonic  and  supersonic  zones 
(see  Fig.  3.20b).  The  second  mode/conditions  in  supersonic  zone, 
although  it  answers  condition  (3.29),  is  not  faulty,  characteristic 
to  the  second  mode/conditions  in  subsonic  zone,  with  the  exception  of 
the  need  for  a double  change  in  the  engine  power  rating  during  a 
change  in  the  flight  speed.  The  second  supersonic  mode/conditions 
corresponds  to  high  flight  velocities;  therefore  aircraft  is  here 
stable  and  "hears"  the  controls  well,  with  high  altitudes  the  flight 
of  supersonic  aircraft,  is  made,  as  a rule,  with  the  second 
mode/cond i ti ons. 

Page  60. 

It  should  be  noted  that  in  connection  with  the  wide  critical 
angles  of  attack  of  triangular  short  wing  aspect  ratios  and  tor  the 
target/pur pose  of  an  improvement  in  the  takeoff  and  landing 
characteristics  in  the  opetation  of  supersonic  passengpr  aircraft 
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will  be  applied  also  the  second  subsonic  mode/ccnditions. 


3«8-  Acceleration/dispersal  and  uraking  of  aircraft  in 
str aight-and- level  flight. 


By  the  target/purpose  of  the  calculation  of  the  flight  of 
aircraft  with  accelera tion/dispersal  or  braking  is  the  determination 
of  time  interval,  necessary  for  the  assigned  change  in  the  velocity, 
and  the  determination  of  the  way  which  in  this  case  passes  aircraft. 
For  such  calculations  it  is  convenient  to  use  system  of  equations 
(3.1).  After  dividirg  all  terms  of  the  first  equation  by  weight  of 
aircraft  and  after  multiplying  them  by  velocity  of  V,  we  will  obtain 


P - X v_  V dV 
G g dt 


(3.31) 


By  returning  to  expression  2.25),  let  us  note  that  the  right 
side  of  equation  (3.31)  with  li  = const  is  equal  to  the  rate  of  chanqe 
in  the  energy  height/altitude  in  time,  i. e. , let  us  have  a 
relationship 
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dH>  _ P — X 
dt  q 


l/. 


Alter  designating  the  rate  of  change  in  the  energy 
height/a ltitude 


(3.32) 


we  will  obtain 


P~X.  (3.33) 

From  reiatronship  (1.33)  it  follows  that  the  rate  of  change  rn 
the  energy  he ig ht /a  It i t ude  of  y’  depends  on  the  flight  conditions 
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and  engine  power  rating.  For  ar.  aircraft  with  screw  propeller 


v»~  g a ’ 


(3.34) 


Differences  AP  = P-X  and  aa/=/Vp  — ,V„  in  formulas  (3.  33)  and 
(3.34)  are  called  margin  oi  thrust  and  margin  of  power  respectively. 


The  velocity  of  a change  in  the  energy  height/altitude  is 
positive  upon  acceleration/dispersal,  since  ir.  this  case  the  required 
thrust  (or  power)  it  exceeds  that  which  is  had.  Mentally 
acce  lerat  i on/di  spa  r sal  can  be  presented  as  lift  of  aircraft  frou:  the 
energy  height/altitude  of  H»\,  which  corresponds  to  flight  speed 

V1#  to  the  energy  height/altitude  of  H&,  which  corresponds  to 

flight  speed  V?. 


Page  bl. 


After  dividing  variables  in  equation  (3.22)  and  after 


DOC 


760*1  J io 


PACE 


integrating  the  obtained  expression,  let  us  find  booster  duration  t: 


t 


n 


»i 


(3. 35) 


Integral  value  is  located  by  usually  approximately  numerical 
or  by  graphic  methods. 


The  velocity  of  a ehanqe  in  the  energy  height/altitude  of  V’v 
is  negative  during  braking,  i. e. , energy  heignt/a ltitude  decreases  as 
a result  of  a decrease  in  the  kinetic  energy  ot 


Simpler  dependence  is  obtained  for  such  cases  of  braking,  when 
point  of  tangency  or  power  can  be  accepted  equal  to  zero,  and 
equality  (J.  13)  assumes  the  foLm 
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In  these  cases  according  to  the  second  equation  ot  system 
(3.1)  G * T a nd,  therefore, 

(3-36) 

. y k 


If  w«  tnis  value  of  y*  substitute  into  integral  (3. 35) 
taking  into  account 


that  tine  of  braking  with  zero  thrust/rod  will  be  determined  by 
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For  determining  the  speediny-up  path  or  braking,  it  is 
necessary  to  substitute  into  .ormula  (3.32)  the-  known  expression  dt 
d 2/V  and  to  integrate  obtained  after  substitution  equation  (3.32): 


v;=v"±. 

y dl 


then  the  speeding-up  path  or  braking  is  expressed  by  integral 


".j 

r VdH » 

. l/‘  ' 


(3.37) 


Taking  into  account  dependence  (3. 33)  expression  for 
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deter  min i ng  the  speeding-up  path  or  brakinj  can  be  written  also  in 
this  torn: 


y, 

/a=G  C dH,  _ G r VdV 

J P — A'  * J P — X 


(3. 38) 


Page  62, 


During  braking  with  the  thrust/rod,  equal  to  zero,  the  length  of 
the  acceleration  phase  or  braking  can  be  determined  by  substitution 
into  integral  (J.  37)  of  the  velocity  of  p*  according  to  formula 

(3.36): 


J = \ /G///,. 


(3.  39 
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Integrals  ( 3.  35),  (3.37),  ( 3.  38)  ami  (3.39)  are  det  trained  by 

numerical  or  graphic  methods. 


He  examine  the  obtained  dependences  for  deter mining  time  and 
path  length  of  acceleration/dispersal  or  urak.ing.  These  values  in 
essence  are  determined  by  the  value  of  V'u  . The  greater  the  v’u 

upon  acceleration/dispersal,  the  lesser  the  time  and  the  speeding-up 
path.  Of  aircraft  with  screw  pLopc-ller,  the  value  of  (/*  there 
will  be  the  greatest  with  the  maximum  margin  of  power;  \N=NV  — Nn 
[see  formula  (3.34)  ],  which  usually  occurs  in  tlignt  at  economic 
speed,  of  aircraft  with  TRD,  the  value  cf  (/’  will  be  greatest  at 
speed,  several  that  which  exceed  most  advanta geous.  of  supersonic 
aircraft  the  maximum  value  of  product  APV  and  the  respectively 
maximum  rate  or  change  in  the  tnergy  height/altitude  are  observed  at 
supersonic  speeds  (for  example,  see  Fig.  3.19). 


It  flight  speed  approaches  maximum,  then  margin  of  thrust 
(power)  vanishes,  therefore,  to  zero  it  decreases  and  the  speed  of 
V*„  . Then  the  value  of  integral  (3.35)  unlimitedly  grow/rises, 
i.e.»  in  level  flight  aircraft  never  it  reaches  maximum  speed. 
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For  more  rapid  deceleration  the  speed  of  V'u  t negative  on 
sign,  must  have  the  highest  possible  absolute  value.  In  order  to 
achieve  this,  it  is  necessary  either  to  decrease  the  engine  thrust  or 
to  increase  the  resistance  of  aircraft.  The  latter  is  reached  with 
the  aid  or  special  air  brakes.  According  to  expression  for 
determining  stopping  distance  with  zero  thrust/rod  (3.39),  the  lesser 
the  average  lift-drag  ratio  K of  aircraft  in  stopping  distance,  i.e., 
the  greater  its  resistance,  the  shorter  the  stopping  distance. 

3.9.  Flight  or  lircratt  with  unsymmetric  thrust/rod. 


Under  normal  conditions  of  flight  the  vector  of  the  gross  thrust 
of  the  engines  of  aircraft,  at  range/located  it  is  symmetrical 
relative  to  plane  xoy,  it  lie/rests  at  the  plar.e  of  symmetry. 
Therefore  flight  can  be  executed  without  bank  and  slip,  rhc  flight 
during  which  the  vector  of  gross  thrust  lie/rests  outside  the  plane 
of  symmetry  (flight  with  unsymmetric  thrust/rod),  it  is  special. 


Page  b3 
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The  most  probable  Leason  for  the  emergence  of  unsy mmatric  thrust/rod 
is  failure  one  or  of  several  engines- 


Dui  ing  the  emergence  of  unsymmetric  thrust/rod,  appears  the 
moment  of  engine  strength  relative  to  axle/axis  oy,  in  consequence  of 
which  flight  is  made  with  bank  or  slip  or  with  the  tact  and  other 
simultaneously,  also,  for  tne  balance  of  aircraft  (for  greater 
detail,  see  chapter  XVTI,  (j  2)  it  is  required  the  deflection  of 
ailerons  and  rudder.  The  deflection  of  the  rudder,  ailerons  and  slij 
increase  the  drag  coefficient  of  aircraft  (Fig.  3.21),  due  to  what 
increase  required  thrust  and  power. 


Taking  into  account  supplementary  resistances  the  coefficient  of 
impedance  is  equal  to: 


{-— p—  f Ar„  + ArjrM--|-Art,4-.iCr  j+AC,*. 


where  the  Acxt  - the  coefficient  of  the  su  pplement  i r y resistance 

of  the  screw/propeller  of  failed  engine;  L\C(1I 


an  increase  in  th» 
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dray  coefficient  during  the  deflection  of  rudder;  Acx » - an 

increase  in  tne  drag  coefficient  during  the  aileron  deflection; 

Acxfi  - an  increase  in  the  drag  coefficient  feast  the  slip  of 
aircraft;  Ac**  - the  coefficient  of  the  internal  impedance  of  the 
gas  circuit  of  engine. 


The  coefficient  of  the  supplementary  impedance  of  gggggg  is 
determined  from  formula 


where  the  X„  - resisting  force  of  screw/propeller. 


The  value  of  negative  thrust/rod  depends  as  on  the  position  of 
propeller  blades  {screw/propeller  is  feathered,  blade/vane  on 
intermediate  detent,  screw/propeller  removed  from  detent)#  so  also 
from  speed,  the  flight  altitude  and  parameters  of  air. 
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Flight  with  failed  engine  is  one  of  the  most  complex.  Besides 
unpleasant  psychological  effect  with  the  engine  failure,  the  crew 
exper ience/t ests  high  physical  stress,  since  for  the 
preservation/rotention/maintaining  of  the  lateral  and  longtitudinal 
equilibrium  of  aircraft  it  is  required  to  considerably  increase  the 
forces,  applied  to  controls  (to  pedals  and  steering  control). 


Are  especially  complex  that  kind  flights  on  aircraft  with  the 
turboprop  engines  in  which  with  the  windmilling  screw/propeller  the 
negative  propeller  thrust  of  the  shut-down  engine  can  exceed  the 
positive  propeller  thrust  of  engine  on. 
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Furthermore,  in  these  cases  due  to  the  varied  conditions  of  the 
airflow  of  left  and  right  halt  wings  is  created  the  significant 
difference  in  their  lifts. 


Ar.  increase  in  the  impedance  of  aircraft  vitn  the  engine  failure 
and  a decrease  in  the  point  of  tangency  (or  power)  sharply  change 
flight  conditions  (Fig.  3.22);  decrease  absolute  ceiling  and  the 
maximum  speed  of  aircraft,  narrows  itself  the  speed  range  of  flight. 
Therefore  witn  the  engine  failure  at  high  altitude,  it  is  necessary 
to  decrease  the  flight  altitude,  and  for  some  aircraft  types,  level 
flight  with  the  windmilling  screw/propeller  generally  turns  out  to  be 
impossible,  since  points  of  tangency  (or  power)  for  all 
height/altitudes  prove  to  be  less  tnan  required.  This  case  for 
aircraft  an-24  is  shown  in  Fig.  3.22. 


3.10.  Operational  limitations  of  flight  speed. 


In  the  operation  of  aircraft,  act  the  different  limitations  of 
the  lower  and  upper  limits  of  ilight  speed. 


♦ 

1 
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Constraints  on  angle  o t attack  are  associated  with  flow 
separation  from  the  lifting  surfaces  of  aircraft  on  leaving  of  it  to 
wide  near-critical  and  angles  of  attack  beyond  stalling. 


Page  65. 

Unsymmetric  flow  separation  from  lifting  surfaces  leads  to  asymmetry 
of  lift  on  the  outer  planes  of  wing  and  stalling  of  aircraft; 
therefore  flight  in  the  field  of  the  close  to  c.^  *p  is  r.ot 

allow/assumed.  Usually  the  value  of  C jiorr  £°r 

concrete/specific/actual  aircraft  is  determined  from  flight  test 
data.  On  some  aircraft  the  appt oach/a prro xima tion  to  critical  angle 
of  attack  is  accompanied  by  the  appearance  of  vibration  and 
agitation.  In  these  cases  is  accepted 

ry  inn  ^f'y  ip> 


where  the  ct1v  - the  lift  coefficient,  by  which  appears  the 

agitation  of  construction. 
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Tentatively  it  is  possible  to  accept  c^no,,  = (0.75-0.30) 
cymiI.  since  cvmnx  depends  on  Mach  number,  on  Mach  number  will 

depend  and  cynon-  The  vaiue  of  cya on  determines  at  to  base 

altitude  and  the  weight  of  aircraft  the  value  of  the  permissible 
velocity  which,  of  course,  will  be  more  than  theoretical  minimum 
speed . 

1 

The  limitations  of  the  upper  limit  of  velocity  are  introduced 
for  the  different  reasons:  for  providing  for  strengtu  and  rigidity  of 
construction,  for  the  prese rvation/retention/maintaining  of  stability 
and  aircraft  handling,  for  the  elimination  of  the  vibration  of 
aircraft  components  (high-speed/velocity  agitation,  flutter),  ir.  the 
case  of  the  incidence/impingement  into  vertical  air  gusts,  for  the 
softening  of  the  gradient  of  pressure  in  shcck  wave,  etc. 

The  limitation  ot  the  upper  limit  of  velocity  according  to  Mach 
number  tollows  eithei  from  the  condition  of  strength  or  from  the 
condition  of  aircraft  handling*  At  low  altitudes  the  maximum  value  of 
flight  speed  is  determined  by  the  allowed  values  of  the  external 
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loads,  proportional  to  velocity  head  p — * At  high  altitudes  the 
allowed  value  ot  velocity  is  determined  by  the  critical  Mach  number, 
with  which  center  of  pressure  and  the  focus  of  aircraft  (see  Chapter 
XII)  they  are  moved  back/ago,  as  a result  of  which  become  worse 
longitudinal  control  characteristics. 


Limitations  according  to  Mach  number  have  very  important  value 
for  transonic  aircraft,  since  during  the  development  of  shock  stall 
are  possible  the  cases  ot  the  deficiency  of  the  deviation  of  control 
surfaces,  inadequacy  of  the  necessary  for  a control  physical 
possibilities  of  pilot,  and  also  inadmissibly  dangerous  changes  in 
the  stability  characteristic  of  aircraft. 

Fol  the  supersonic  aircraft  of  the  indicated  limitation,  there 
does  not  exist,  since  satisfactory  changes  in  the  stability 
characteristics  and  controllability  at  subsonic,  transonic  and 
supersonic  flight  speeds  can  be  reached  by  means  of  the  corresponding 
design  measures.  However,  for  supersonic  aircraft  there  are 
limitations  on  spontaneous  rolling  and  the  reversal  of  ailerons, 
connected  with  the  emergence  ot  the  elastic  deformations  of  the 
constructions  ot  the  aircraft,  and  also  on  kinetic  heating. 
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For  each  aircraft  type,  is  establ  ish/i nsta lied  its  maximum  fach 
number.  fhus,  foL  instance,  fot  aircraft  of  the  type  TU-104 


Mnp  = 0,90, 


_ 10 

for  aircraft  of  the  type  "11-18"  and  An-4^-  Mnp=0,63. 

4 


The  dependence  of  maximally  possible  flight  speed  at  the  given 
height/altitude  on  the  maximum  number  of  Mnp  is  expressed  by  the 
relat  ionship: 


(3. 40) 


where  the  au  - the  speed  of  sound  at  the  height/altitude  in 

question. 


non  this  relationship  it  follows  that  with  an  increase  in 
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altit  ude  t he  V\ 


nr 


J9<? 


falls' . 


FOOTNOTE.  1 Maximum  speed  tails  to  height/altitude  H = 11  km, 
whereupon  V'.,— const,  since  with  11  <,  H £ 2U  km  the  speed  of 

sound  is  constant.  ENDF COTNOTE . 


The  limitation  of  the  uppet  limit  of  velocity  on  kinetic  heating 
is  characteristic  for  supersonic  aircraft.  It  is  connected  with  a 
deterioration  in  the  mechanical  properties  of  materials  during  the 
heating  of  the  surface  of  aircraft  in  connection  with  an  increase  in 
the  velocity  of  flight,  and  also  with  the  need  for  maintaining 
temperature  conuitions  for  flight  decks,  witti  the  danger  of  the 
simmering  of  f uel/prope llant  tor  tanks  etc. 


The  extreme  value  of  mach  number  on  kinetic  heating  can  be 
determined  by  the  approximation  formula 


M 


■p 


f r"p  ~ ^ 

j/  r I _ r ~~  V 0~.2r-T 


i 


DOC  = 7b051JJb 


PACE 


ML 

I 


4 


where  the  Tap  - the  maxi  muni  tot  the  surface  of  aircraft  absolute 
temperature  of  shea thi n g/sk in ; T is  absolute  temperature  of 
surrounding  air;  k - the  coefficient  of  adiabatic  curve  (k  = 1-4);  r 
is  a temperature  recovery  factor  in  boundary  layer.  For  a laminar 
boundary  layer  it  is  accepted  as  r = 0.85,  for  turbulent  r = 
0.88-0.9. 


The  limitation  of  the  upper  limit  of  velocity  on  velocity  head 
is  caused  by  the  considerations  of  the  structural  strength  of 
aircraft  and  usually  acts  at  the  low  altitudes,  which  Jo  not  exceed 
5000-6000  m.  If  at  these  height/alt itudes  velocity  head,  dependinq  on 
air  density,  is  exaqqerated,  t hen  the  stresses  in  parts  and 
node/units  of  aircraft  will  exceed  permissible,  which  can  lead  to 
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undesirable  structural  distortions  and  even  to  their  destruction. 


Page  67. 


The  usually  extreme  value  ol  velocity  head  of  gap>  taken  during 

the  calculation  ot  constructions,  is  determined  from  formula 


(3.41) 


where  the  i/m0x  - the  maximum  permissible  value  ot  velocity  head  in 
level  tliyht,  which  depends  on  the  class  of  aircraft;  k - the 
coefficient,  uepending  on  flight  conditions;  in  level  flight  it  is 
equal  to  unity.  For  aircraft,  of  the  type  "11-18"  and  An-10 
Vm..,- 12500  N/m*  ; for  an  aircraft  of  the  type  TU-104  qmax  ~19000 

N/»*;  value  k the  ®ode/cond  itions  of  planning  for  aircraft  11-13  and 
An~10  is  equal  to  1.4. 


flaximum  velocity  head  ot  <7np 


and  maximum  flight  speed  of 
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Vnv  die  connected  by  dependence 


V 


»p 


I * ' 


(3-  42) 


Maximum  equivalent  airspeed,  as  it  is  shown  abova, 
for  ail  heiyht/alt itudes,  which  facilitates  monitoring  ot 
condi tio  ns. 


is  constant 


1 1 i g h t 


The  limitation  of  acceleration  on  y-foice  is  caused  by  the 
effect  of  y-forces  on  the  psychophysical  state  of  the  crew  and 
passenyers,  and  also  on  the  structural  strength  of  aircraft.  The 
effect  of  g-force  on  the  psychophysical  state  of  man  depends  on  the 
amount  of  g-force,  on  direction  and  duration  of  its  action.  Greatest 
permissible  g-force  - in  spin  alignment  - breast;  smallest  - in 
direction  head  - basin. 


The  limitation  of  fliqht  altitude  on  some  boom  is  connected 
with  tne  fact  that  in  flight  ot  aircraft  at  supersonic  speed  appears 
the  shock  wave,  which  produces  an  intermittent  pressure  increase  on 


< 


> 
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the  surface  of  the  Earth.  The  intensity  of  sonic  boom  depends  on  the 
flight  altitude,  velocity,  volume  of  aircraft,  angle  of  attack  etc. 
With  the  removal/distance  of  aircraft  from  the  surface  of  the  Earth, 
the  irtensity  of  sonic  boom  decreases-  "£he  maximum  permissible 
overpressure  above  the  populated  areas  must  not  exceed  value  Ap^i^lOO 
N/m*. 


The  indicated  value  of  pressure  differential  in  shock  wave 
determines  the  height/altitude  at  which  the  aircraft  can  accomplish 
supersonic  flights.  Thus,  for  instance,  for  an  aircraft  TU-144  this 
height/altitude  is  equal  to  10-14  km. 


At  high  altitudes  there  is  no  limitations  cn  the  pressure 
differential,  but  there  can  be  limitations  on  the  velocities, 
connected  with  the  fact  that  upon  the  acceleration/dispersal  of 
aircraft  to  M ^ 2.  2 (at  operating  altitude  H ^.18  km)  appear  the  hiah 
thermal  stresses  in  the  structural  elements. 


Questions  for  repetition 
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1.  In  which  case  the  minimum  required  thrust  does  remain 
constant  during  a change  in  altitude  and  in  which  case  it  can  change? 


2.  why  in  Fig-  J.4  right  sides  of  the  curved  required  thrusts 
for  different  height/altitudes  do  not  intersect,  but  in  f'ig.  3.  7 they 
do  intersect? 


3.  which  character  does  have  dependence  of  H_f(V«*i)  for 

aircraft  with  r HD  [ TpA  - turbojet  enqfn^]  and  TVD  f TBH  - 
turboprop  engine]  and  as  it  is  expressed  graphically? 

Page  66. 

4.  Which  character  does  have  a dependence  of  vmtt—i(H)  at  the 

different  values  of  the  specific  load  (p  = C/S)  of  transonic 
aircraft? 

5.  When  the  practical  speed  range  of  level  flight  is  more  - with 
the  released  or  retracted  the  landing  gear? 
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6.  tiow  is  reflected  the  surface  con  ta  ni  in  a t ion  of  aircraft  in 
most  advantageous  flight  speed? 


Tasks. 

1.  Determine  is  the  maximum  quality  and  the  value  of  the 

Cpmimi  of  aircraft  TD-104  - at.  height/altitude  H = 4 km,  counting 

c,t—o,oi8  (see  fry.  3.15).  Answer  /response : /c-»t  — i7,5. 

2.  The  drag  coefficient  of  the  aircraft  with  of  c,=o  as  a 

result  of  the  surface  contamination  of  aircraft  increased  by  2 5o/o. 

To  determine  the  maximum  speed  loaded  aircraft  at.  altitude  6 km,  if 
is  known  the  maximum  speed  of  "pure/clean  aircraft"  (sea  Fig.  3. If). 
It  is  known  also  that  the  inductive  reactance  of  aircraft  a*-24  under 
the  conditions  of  v»»*  is  15o/o  of  total  resistance. 


Answer/response : 


km/h. 
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Chapter  IV. 


CLIMB  AND  BSD  OCT  I OK /BE  SC  ENT  -fcj iz 


AIRCRAFT) 


4.1.  Fguations  of  motion. 


In  this  chapter  is  examined  the  motion  of  the  center  of  mas.*-  of 
aircraft  along  the  inclined  straight  path,  ar ra nqe/loca ted  in 
vertical  plane  (Fig.  4.1)  in  the  absence  of  yawing  motion  (laterally 
level  flight  and  slip),  The  flight  of  aircraft  along  this  inclined 
trajectory  is  more  common/general/total  in  comparison  with  level 
flight.  The  adopted  assumptions  make  it  possible  to  oatain  simple  and 
sufficiently  precise  for  practical  target/purposes  results. 


Angle  9 path  inclination  to  the  horizon  is  considered  positive, 
if  the  vertical  component  ot  speed  is  directed  upward  and  cont ril utes 
to  an  increase  in  altitude  in  the  process  of  flight.  This  flight 
conditions  is  called  the  climb.  The  mode/cond it  ions  of  a 
reduction/descent  in  the  aircraft  is  character ized  by  the  negative 
flight  path  angle.  Reduction/descent  with  tiie  zero  engine  thrust  is 


Pig.  4.1.  Diagram  of  the  forces,  which  act  on  aircraft  in  flight 
along  inclined  trajectory. 

Key:  (1).  Horizontal. 
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called  gl id ing/pla nni n j , and  along  very  steep  trajectory  { { e | > O.S 
. V’AJ, 

ts  ^lau)  - oy  dive. 


In  flight  along  inclined  trajectory  on  aircraft,  act  the  forces 
indicated  in  tig.  4.1.  The  projection  of  gravitational  force  on  the 
Ox  c of  wind  coordinate  system  in  this  case  is  eguai,  i.  e.  , Osinf). 

In  the  climb  regime,  if  trajectory  speed  does  not  change,  the 
engine  thrust  must  be  higher  than  during  level  straight  flight,  in 
the  mode/conditions  of  a reduct  ion /descent  m the  aircraft,  the 
projection  of  gravitational  force  on  the  axle/axis  of  0xc 
coincides  with  the  direction  of  flight  speed  and  contributes  to  the 
accelerat ion/disper sal  of  aircraft. 


Page  7 o. 


For  research  on  the  flight  of  aircraft  along  inclined  trajectoi 
in  the  absence  of  bank  {with  ya— 0)  and  of  slip  (with  d = 0)  are 
most  conveniently  applied  the  equations  of  motion  of  aircraft  (2.11) 
which  tor  that  which  is  exa mine/considered  the  case  change  as 


follows: 


tr- 


uce = 7bOS1JJ6 
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P — X — Gsh\0  = m ~~  , 
at 

Y — G cos  0 — 0. 


(4.  !) 


S^DSonic  passenger  and  transport  aircraft  usually  make  the 
gain  of  altitude  and  reduction/descent  with  a insignificant  change  in 
the  trajectory  speed.  Therefore  in  a number  of  cases  it  is  possible 
in  the  first  equation  of  system  (4.1)  to  disregard  force  of  inertia; 
then  the  equations  of  the  rectilinear  steady  flight  for  inclined 
trajectory  accept  the  following  form: 


P-  X —6  sine,  1 

K=(jCOs9.  f 


(4.  2) 


The  dependence  of  lift  coefficient  cn  the  flight  path  angle  w 


can  be  traced  with  the  aid  of  the  second  equation  of  system  (4.2), 
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after  rewriting  it  as  follows; 


c„  eV-2 

2 


S = G cos  0 . 


Then 


c 


y 


20  cot. 
gl'lS 


If  speed  of  V along  trajectory  does  not  change,  then  with  an 
increase  in  the  flight  path  angle  6 lift  coefficient  will  decrease, 
but  that  means  decrease  will  angle  of  attack  at. 


It  must  be  noted  that  the  angle  & for  subsonic  aircraft  usually 

racf - 

does  not  exceed  0.1-0.  15  gl-a-a.  For  such  angles  of  cos  «,  very  it 
differs  little  from  unity;  therefore  angle  of  attack,  lift 
coefficient  and  especially  lift  comparatively  barely  depend  on  the 
flight  path  angle  and  in  the  approximate  computations  it  is  possible 
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to  place  cos  <3  ^1 . However,  this  simplification  is  not  applicable 
during  the  determination  of  the  required  tncust  or  required  power  in 
the  process  of  the  set  of  neiyht/a It itude  or  reduction/descent. 

4.2.  Required  speeds,  thrust/roas  and  powers  for  the  steady  fliqht 
along  inclined  trajectory. 

If  are  Known  flight  altitude,  the  fliqht  path  angle  and  angle  oi 
attack,  then  the  required  tliyht  speed  along  inclined  trajectory  can 
be  determined,  after  solving  equations  (4.3)  relative  to  speed  of  V: 

,,  / 2(7  cos  ti 

v 'l'  <44> 
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Fig.  4.2.  Required  thrusts  in  t light  along  inclined  trajectory. 


Y-ad  . 

Key:  (1).  with.  (2). 
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Fro m the  comparison  of  the  obtained  expression  with  formula 
(3.4)  it  follows  that  during  motion  along  inclined  trajectory  the 
required  speed,  other  conditions  being  equal,  (among  other  things 
with  ot  identical  c„)  it  will  depend  on  anjle  0,  after  grow/rising 
to  the  value  of  necessary  horizontal  flight  speed  with  the 
approach/approximat ion  of  trajectory  toward  horizontal. 

For  determining  the  characteristics  of  the  lift  of  aircraft  with 
turbojet  engines,  usually  are  applied  the  curves  of  requited  thrusts. 


The  value  of  required  thrust  for  the  steaay  flight  m inclined 
trajectory  is  determined  from  the  first  equation  ot  system  (4.2): 


^n  = A'  + Csi»,J-  (4.5) 


. From  relationship  (4.5)  it  follows  that  in  flight  with  the 

climb  the  engine  thrust  must  be  more’  than  drag  to  the  value  of  the 
force  component  of  weight  G sine  0.  During  reduct  ion/desce  nt  the 
required  thrust  becomes  less  than  the  drag,  since  in  this  case  0 < 0. 
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With  8 - 0 requited  thrust  will  be  equal  to  tne  required  thrust  of 
level  fliyht,  i.e.  , to  drag. 


Force  component  of  weight  0 sine  0 does  not  depend  on  flight 
speed;  therefore  on  the  curve/yraph  of  the  available  and  required 
thrusts,  the  dependences  of  required  thrust  on  flight  speed  with  8 - 
const  are  depicted  as  equidistant  curves  (Fig.  4.  2)  . These  curves 
®ake  it  possible  to  determine  required  thrust  at  the  iifferent  values 
of  the  fliyht  speed  and  flight  path  angle.  If  we  on  the  cuives  of 
requited  thrusts  plot  the  curve  of  the  point  of  tangcney  of  Pp, 
then  the  points  of  intersection  of  these  curves  will  determine  the 
climb  regimes  at  the  maximum  trajectory  speed  at  different  angle.,  H. 


At  the  wide  flight  path  angles  in  the  process  of 
reduction/descent,  the  projection  of  gr avitat iona 1 force  on  direction 
of  motion  can  exceed  drag  (see  Fig.  4-2).  In  the  cases  the  required 
thrust  becomes  negative  and  aircraft  flies  with  acceleration  even 
during  a decrease  in  the  thrust  down  to  zero.  In  such  flight 
conditions  for  the  preservation/retention/maintaininq  of  constant 
velocity,  are  applied  aerodynamic  brake. 
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The  analysis  ot  the  tliqht  ot  aircratt  with  piston  ot  turboprof 
engines  is  conducted  on  the  curves  of  required  powers. 
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After  multiplying  both  p<irfs  of  cijUdtion  (4.5)  to  the  velocity  ol 
flight  for  inclined  trajectory,  we  will  obtain  expression 


XV  4 -OV  sinB. 


The  product  of  drag  X to  the  flight  speed  of  V corresponds  to 
required  power  in  the  level  flight  of  Na.Ta.  (see  Chapter  III). 
Thus,  the  obtained  equation  can  be  written  in  the  form 


JV,=‘'V..,.II-!-GVslii*t 


(4.6) 


where  the  A'n  = /,nV'  are  requited  power  in  flight  along  inclined 

tra  ject  ory- 


By  using  equation  (4.6),  it  is  possible  tc  construct  the  cut ves 
cf  required  powers  for  a flight  from  the  inclined  trajectory  which, 
however,  no  longer  will  be  equidistant,  since  the  difference  between 
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the  required  power  during  lift  or  with  red  uct  ion/descer.t  and  required 
power  during  level  flight  will  increase  with  an  increase  in  the 
flight  speed  along  trajectory  (Fig.  4.3). 


1 4.3. 


Polar  of  speeds  lor  the  steady  flight  on  sloping  trajectory. 


As  it  is  shown  into  \ 4.2#  tue  point  of  intersection  oi  curved 
required  thrusts  from  the  curved  point  cf  tangency  (sea  Fig.  4.2) 
they  mane  it  possible  to  establish/install  the  dependence  between  the 
velocities  of  the  steady  flight  from  trajectory  and  the  climo  angles. 
Cf  aircraft  with  screw  propeller  this  conformity  to  conveniently 
determine  according  to  the  points  of  intersection  of  the  curved 
required  and  availanle  powers  (see  Fig-  4.3). 

The  dependence  between  flight  speed  and  the  flight  path  angle 
can  be  depicted  graphically,  also,  m pclac  coordinate  system  (Fig. 
4.4),  where  the  radius- vector  is  the  flight  speed.  Curve,  that  welds 
of  the  velocity  vectors,  is  called  the  polar  or  speeds.  In  the  case, 
depicted  on  Fig.  4.4,  in  all  points  of  polar  the  vortical  component 
of  speed  has  positive  value,  i.e.,  all  flight  conditions  on  this 
polar  they  correspond  to  the  climb,  if  engine  works  in  the  nominal 
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rating.  This  polar  is  called  another  the  polar  ci  rates  of  cliub. 

To  the  polar  of  rates,  usually  will  he  deposited  the  angles  or 
attack,  as  this  is  jiade  in  Fig.  4.  4. 
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A. ^-A. 

(1).  Rating-  (2).  1* . (3). 


nominal 
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It  u(  known  joints  of  tat'.gency  ot  powers  for  the  different 

engine  power  ratings,  that  fot  a each  of  these  mode/con  3 i t ions  it.  is 

possible  to  construct  cor  tespor.diny  to  it  the  polar  ot  rates, 

whereupon  the  wore  the  engine  power  rating  it  differs  from  the 

nominal,  the  lower  will  be  arranged  the  polar  of  rates.  Peginnmg 

from  the  determined  operating  mode  (in  Fig.  4.4  this  mods/conditions 

corresponds  a pprox i ma  t el y 0.5  ratings),  the  vertical  component  of 
speed  will  be  negative  everywhere,  i.e.,  at  any  flight  speed  a 

descent  will  occur.  For  the  flight  when  point  of 
tanqency  or  power  are  equal  to  zero,  i.e.,  aircraft  makes 

g 1 idiny/pla nn ing,  we  will  obtain  the  polar  cf  gliding  speeds 


flow  chapter  ill  Known  that,  with  a change  in  altitude  the 
available  and  required  thrusts  also  change,  therefore  it  is  possible 
to  construct  a series  of  tne  polars  ot  flight  speeds  from  inclined 
trajectory  tor  different  height/altitudes. 


Let  us  examine  in  more  detail  the  polar  ot  rates  of  climb  (see 
Fig.  4.4).  The  angle  of  tangent  inclination,  carried  out  to  the  polar 
of  rates  of  climo  t tom  the  origin  ot  coordinates,  corresponds  to  the 
maximum  climb  angle  of  0m«*,  and  point  of  contact  of  tangency 

divides  polar  by  two  parts.  By  comparing  in  Fig-  4.4  angles  of  attacx 
and  the  corresponding  to  them  climb  angles,  it  may  be  concluded  that 
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under  conditions  of  lift,  which  correspond  to  the  right  side  of  [olar 
diagram,  the  rate  with  an  increase  in  the  angle  of  attack  decreases, 
and  the  climb  angle  increases;  under  conditions  ot  lift,  whicn 
correspond  to  the  left  side  oi  the  curve/graph,  with  an  increase  in 
the  angle  of  attack,  decrease  the  climb  angle,  and  flight  speed. 


$ 4.4.  Flight  path  angle.  The  vertical  velocity  during  the  climb. 


The  vertical  component  of  the  flight  speed  of  aircraft  is  egual 
to  the  rate  of  change  in  the  flight  altitude  and  is  called  the 
vertical  velocity.  During  lift  or  with  reduction/descent,  the 
vertical  velocity  straddle  Oy  wind  coordinate  system,  composing  with 
it  goal  0;  however,  in  the  literature  on  *-he  dynamics  of  flight,  is 
accepted  to  designate  the  vertical  velocity  by  the  symbol  of 
and  not  replacing  index  g by  word  "vertical";  therefore 

Vt*=V  sin  8. 


(4  7) 


9 
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Changes  in  the  vertical  velocity  correspond  to  changes  in  the 
flight  speed  in  trajectory.  Front  the  different  climb  regimes  i*  is 
possible  to  select  one,  cor res ponai ng  to  the  maximum  vertical 
velocity  In  Fig.  4.U  this  mode/con  ditions  is  determined  iy 

the  ordinate  of  the  point  of  contact  or  the  tangency  or  straight 
line,  parallel  axis  of  abscissas,  with  the  polar  of  rates  of  climb. 

The  climb  tegimes  trom  0max  and  at  the  rate  of  Kvmax 

correspond  to  the  varied  conditions  of  flight.  If  flight  from  0max 
is  applied  in  flying  practice  comparatively  rarely,  then  the 
mode/cond  it  ions  of  lift  from  K„mat  is  encountered  considerably  more 
frequently,  since  under  these  conditions  aircraft  rapidly  gains 
altitude. 

The  point  of  intersection  of  the  polar  of  rates  of  climb  with 
the  axle/axis  of  abscissas  corresponds  to  hori7ontaL  flight  condition 
at  the  maximum  speed  of  Kmax-  . The  vertical  velocity  under  these 
conditions  of  flight  stops  to  equal  to  zero,  because  whole  point  of 

tangency  is  spent  on  the  overcoming  of  drag. 

Quantities  of  the  angle  of  slope  of  the  trajectory  and 
vertical  speed  can  be  calculated  analytically  by  using 
equations  of  motion. 

For  turbojet  aircraft  the  value  of  the  vertical  velocity  is 
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determined  from  the  first  equation  of  system  (4.1)  by  the 
substitution  in  it  of  value  sine  9 from  relationship  (4.7): 


V 


!L 

g dt 


(4.8) 


During  the  steady  flight  along  the  trajectory  when  dV/dt  = u, 
expression  (4.8)  for  determining  the  vertical  velocity  will  ta.Ke  form 


(4.9) 


where  AP  is  a margin  of  thrust  (Fig-  4.5a)  . 


For  aircraft  witn  the  screw  propellers  of  formula  for 
determining  the  vertical  velocity  it  is  possible  to  obtain  in  more 
convenient  form.  Taking  into  account  the  fact  that  the  product  of 
required  thrust  and  velocity  is  the  required  power  in  flight  along 
inclined  trajectory,  and  the  product  of  drag  and  velocity  is  required 
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power  during  level  flight,  to  expressions  (4.  8)  and  (4.9)  it  is 
possible  to  give  the  respectively  following  form: 


J_  dV_  y 1_  dV_ 

g ill  (7  g dt 


V L 


Ny  — N u . r ,ii  A,V 


(4.10) 

(4.11) 


where  AN  is  a margin  of  power  (Fig.  4.5b). 


The  tliynt  path  angle  during  the  steady  flight  can  be  determined 
by  formula  (4.7),  if  we  substitute  into  it  the  value  of  Vj  from 

formula  (4.9)  or  (4.11): 
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Pages  75-73. 

4.5.  Maximum  vertical  velocity  and  most  advantageous  trajectory 
speed  during  steady  climb. 


The  maximum  vertical  velocity  of  V^ma*  characterizes  th*> 
ability  of  aircraft  to  heave  to  base  altitude  tor  minimally  short 
time  interval.  Tne  value  of  the  maximum  vertical  velocity  depends  on 
the  engine  power  rating,  but  for  the  sake  of  simplicity  in  the 
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calculations,  all  formulas  of  this  paragraph  ate  der ive/concludod 
under  the  assumption  ‘•hat  the  entities  work  in  the  nominal  rating. 

If  are  known  the  polar s ot  velocities  for  differen’- 
height/altitudes,  then  the  value  ot  y yn»y.  each  h eigh t/a 1 t i ♦ ude 

can  be  found  from  highest  point  on  the  polar  of  velocities  (see  Fig. 
4.4).  however,  as  a result  of  the  large  labor  expense  of  construction 
for  polar,  usually  is  applied  simpler  auxiliary  construction. 

From  formulas  (4.9)  and  (4.11)  it  follows  that  the  vertical 
velocity  will  have  the  maximum  value  at  the  maximum  values  A?V  or  Ah'. 
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Fol  i turbojet  aircraft  the  deter  mi nation  of  the  jreatost 
vertical  velocity  at  different  heig  ht/a  It  i* ud  e&  is  conducted  by  the 
following  order  of  auxiliary  constructions  and  ca lcul t t ion s : 


- the  plotting  of  curves  of  the  required  and  of  points  of 
t a ng  e nc y at  the  uirfereitt  height/altitudes  of  level  flight  (si*  fi;. 

3.15)  ; 


- the  measurement  of  margins  of  thrust  4?  at  different 
velocities  and  at  the  taken  flight  altitudes; 


- the  calculation  cf  the  corresponding  products  4P V; 


- the  construction  of  a scries  or  the  gr aph/diagr a ms  of 
dependence  & P V = f (V)  (Fig.  u.b)  for  each  of  the  taken  flight 

altitudes; 


- the  determination  of  the  maximum  values  (APV)  for  t.  he 
different  heignt/a I titudes  of  flight; 
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- the  calculation  of  the  values  of  the  maximum  vertical  velocity 
for  these  height/altitudes  on  somewhat  modified  formula  (4.9): 


V 1 - 

1 y m*i - 


i*PV)„ 


the  flight  speed,  corresponding  to  (A PV)mltJl,  is  called  the  most 
advantageous  rate  of  climb  of  ( Uliana.  n»o),  » t he  vertical  velocity  in 

this  case  it  will  be  maximum. 

Of  subsonic  aircraft  with  TRD,  the  curve  of  points  of  tanqency 
is  almost  parallel  to  the  axle/axis  of  abscissas  (see  fig.  3.1o) ; 
therefore  the  most,  advantageous  rate  climb  of  Vitam.  nao.  will  Le 
somewhat  more  than  the  optimum  speed  of  Che  level  flight  of  Vm*»> 
with  which  it  is  reached  the  maximum  aerodynamic  quality  of  aircraft. 


If  the  maximum  vertical  velocities  tor  different 
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heigh t/alt ituaes  are  determined,  it  is  possible  to  construct  t he 
graph/diagrao  3t  the  lependence  of  H *=j(Vv„.tl)  (pij-  4.7  a,  b)  • 

Thrust/roi  Trp  usually  decreases  with  height/altitude,  and  in  this 
case  the  plotted  function  of  H=f(Vv max)  is  close  to  straight  line. 
For  a high-altitude  turbojet  aircraft  the  curve/graph  of  H=f(Vvm»x) 
has  a crank  point  at  he  iqht/ait  it  ude  H = 11  icra,  since  beginning  with 
this  he  iq  h t/a  It  it  u de  ceases  a temperature  drop  and  tha  engine  thrust 
decreases  more  intensely. 


The  point  of  intersection  of  the  curve  of  H=f(Vvmi,x)  with  the 
axle/axis  of  ordinates  determines  static  theoretical,  or  the 
theoretical,  ceiling  of  H 


Absolute  ceiling  really  existing  cannot  be  ach ieve/r eacned  hy 
subsonic  aircraft.  Tn  any  case  for  this#  will  be  required  unlimitedly 
the  wide  interval  of  time,  since  with  a pproac h/ap prox ima t i on  to 
absolute  ceiling  the  vertical  velocity  decreases  to  zero. 
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piq . 4.7.  Dependence  of  the  max  i ran  :n  speed  of  subsonic  (a)  and 
supersonic  (b)  aircraft  with  turbojet  engines  on  height/al titude 
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Therefore  the  heijht  of  different  aircraft  is  compared  with  respect 
to  their  service  ceilinq  of  « ftqp'  et]ual  to  the  height/altitude  at 
which  the  vertical  velocity  reaches  the  determined,  in  advance 
fixture.  In  the  Soviet  Union  as  this  criterion*  is  accepted  the 
velocity,  equal  to  0.^  ni/s  (see  Fi.j«  4-7). 


Of  supersonic  aircraft  in  certain  altitude  range,  *-he  margin  of 
thrust  AP  can  have  considerable  maximums  with  noticeable  "failures" 
between  them,  whit  is  the  reason  for  a sufficiently  complex  change  in 
the  with  height/altitude  (is  curve  1 in  Fig.  4.7b). 


This  means  that  the  aircraft  can  have  two  value  of  absolute 
ceiling  (see  Fig.  4.7b  - c’irve  t)  ; subsonic  (»Tt)  and  supersonic 
(^Tf)  * Duung  the  lift  of  this  aircraft  at  the  height  /al  t it  ud  es  less 
than  the  subsonic  ceiling,  it  is  necessary  first  because  of  margin  ot 
thrust  to  drive  away  in  level  flight  prior  to  supersonic  speed,  and 
then  to  already  continue  ascent. 


For  aircraft  with  screw  propellers,  the  determination  of  the 
greatest  vertical  velocity  at  diffeLent  height/altitudes  somewhat  is 
simplified  in  comparison  with  jet  and  is  made  in  the  following  order: 
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- the  plotting  ol  curves  of  the  required  and 
at  the  different  height/altitudes  of  level  flight 


of  available  powers 
(see  Fig.  3.  1 6)  ; 


- the  construction  of  a series  of  the  gr aph/diagr a as  of 
dependence  AN  = f (V)  for  each  of  the  taker,  flight  altitudes  (Fig. 

4.8)  ; 


- the  determination  of  the  maximum  values  AN  for  different 
flight  altitudes; 


- the  calculation  or  the  values  of  the  maximum  vertical  velocity 
for  these  height/altitudes  on  somewhat  modified  formula  (4.11); 


1/  (AAObim 
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poston-engined  aircraft  has  the  maximum  vertical  velocity  on  tie 
full- throttle  height  of  engine  (Fig.  4.9a).  Of  aircraft  wj*h 
high-altit.ude  turboprop  engine,  the  maximum  vertical  velocity  is 
almost  constant  to  the  full-throttle  height  of  engine,  and  then 
gradually  it  begins  to  decrease-  with  height/altitude  to  zero. 


' 
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Piq.  4.8.  To  the  leter  aination  of  the  (AV)«»« 


of  air ~i iff  with  screw 


prope llecs. 


I 
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Fi'J.  4.9.  The  character  ot  a change  in  tne  vertical  velocity  wLt) 
heigh  t/a It  it  uiie  for  an  aircraft  with  the  pistor.  (a)  an*,  turtopro;  (1) 
engines:  1 - low- level  PD  f (JA  - instrument  panel  1;  2 - PD  with 
preliminary  pressur  izat  ion/supercharqir.g  ( oT ^ are  th>  in^olue 

ceiling  of  mult  ianG  ine'  turboprop  aircraft  with  one  failei  engine). 

H 
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The  nature  of  i change  in  the  i.ixinua  vertical  velocity  with 
height/alt it u 1 ? for  i tour-engine  turboprop  aircraft  is  liven  in  Fig. 

4.  <ib. 


The  lift  ot  aircraft  under  the  conditions  at  the  maximum 
vertical  velocity  is  applied  it.  the  civil  aviation  comparatively 
rarely,  since  with  passenger  transportation,  besides  speed  an! 
cost-ef f ect i veness/ef t i ciency  or  tlijht,  it  is  necessary  to  provide 
the  comfort  of  the  passengers  and  the  simplicity  of  the  aircraft 
control.  In  order  that  the  passengers  punless  withstand  pressure 
change  in  *hp  process  ot  the  climb,  it  is  necessary  comparatively 
slowly  to  chan  je  pr  insure  in  passenger  comnar tmen t . 


But  to  the  norms  ot  airworthiness  for  the  passenger  aircraft  of 
the  USSR  pressure  change  in  ca bin/compartment  for  one  second  must  not 
exceed  250  M/m*  (1.8  mm  Hg),  that  in  flight  of  the  fc’arth  corresponds 
to  the  vertical  velocity  ap  pr  ox  i ma  t e ly  l.h  m/s,  at  altitude  J-3.5  k.m 
- velocity  2 m/s.  That  means  aircraft  with  nonhermetic 
cabin/compart  inent  must  gain  altitude  comparatively  slowly  despite  the 
fact  that  the  powet-“oight  ratio  of  this  aircraft  makes  it  possible 
to  gain  altitude  considerably  taster- 
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The  passenger  aircraft,  intended  for  flights  at  hei gh t/al t i tude 
■ore  than  3500  m,  is  equipped  by  the  pressurized  cuuin  pressure  in 
which  tor  any  flight  altitude  must  not  be  less  than  75500  N/m*  (565 
in  Hg)  , waich  corresponds  to  height/altitude  2400  m on  standard 
atmosphere. 


After  the  takeoff  of  aircraft,  atmospheric  pressure  in 
pressurized  cabin  usually  is  supported  to  the  hei  gh  t/a  1 i t ude  at 
which  the  pressure  outside  will  be  below  pressure  in 
cab  in /com  part  went  on  the  determined  value,  different  for  liffir^n* 
types  and  the  constructions  of  the  aircraft* 


Page  79. 


With  the  pressure  differential,  for  example  int-o  5(^000  *!/m*,  constant 
pressure  in  cab  in/c  cm  pa  rt  me  nt  is  supported  from  take-off  to 
height/altitude  approximately  5 km  for  the  middle  latitudes.  At  a 
further  increase  in  altitude,  is  supported  a pressure  difference 
50^000  N/m*  up  to  the  base  altitude  of  flight.  Since  the  rate  of  an 
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incidence/drop  in  the  atmospheric  pressure  decreases  vith 
height/altitude,  fne  vertical  velocity  at  hei ght/alt it u de  more  than 
6000  it  fill  comprise  i p pr  o x imat  ely  5-6  m/s  at  the  regulated  rate  of 
change  ot  the  pressure  in  cab  i i./com  pa  l t men  t . Thus  far  in  the  process 
of  the  set  of  cabin  altitude  is  supported  "terrestrial"  pressure,  the 
vertical  velocity  to  the  conditions  of  comfort  is  not  restricted. 
During  a reduction/descent  in  the  aircraft,  act  the  same  limitations. 


4.6.  the  vertical  velocity  during  the  unsteady  climb. 


To  the  value  of  the  vertical  velocity  of  aircraft  at  the  climb, 
considerable  effect  exerts  a change  in  the  flight  speel.  If,  for 
example,  during  the  climb  flight  speed  increases,  then  the  energy  of 
engines  is  expend/consuased  not  only  on  an  overcoming  of  drag  and  an 
increase  in  the  potential  energy,  but  also  on  an  increase  in  thn 
kinetic  energy.  Tiat  means  in  flight  with  acceleration/dispecsal  the 
vertical  velocity,  but  respectively  also  the  flight  path  angle  they 
will  be  1 ess  than  during  the  steady  flight.  Similar  flight  conditions 
is  applied  in  the  climb  by  turbojet,  and  turboprop  aircraft  after 


ta  keo  ft 
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It  the  climb  occurs  with  braking,  then  the  vertical  velocity 
qtow/nses,  since  part  of  the  kinetic  energy  will  pass  over  to 
potential,  increasing  flight  altitude. 


Taking  into  account  that,  the  ratio  of 
free-fall  accaleration  g numerically  equal 
the  trajectory  of  yt  a expression  P- X/G 
equal  to  the  vertical  velocity  of  the 

f 

relationship  (4.8)  it  is  possible  to  write 


path  acceleration  dV/dt 
to  g-force  with  respect 
according  to  formula  (4 
of  the  steady  flight 
in  the  form 


t o 


to 

'!) 


formula  (4.13)  it.  makes  it  possible  to  quantitatively  evaluate 
the  dependence  of  t ne  vertical  velocity  on  the  q-forca  of  yy^  and 
change  in  the  flight  speed  in  trajectory.  If,  for  example,  lircraft 
flies  at  a rate  of  25d  m/s,  and  tangential  g-force  is  equal  O.f 

i.e.  for  one  second  speed  it  decreases  approximately  on  1 m/s#  then 


the 

vert ical 

velocity 

increases  on 

2 *>  in  /s  . 

As  we  see#  an 

i n c r e a s e 

the 

vet  t ica 1 

veloc it  y 

the  so  large 

that  to 

them  it  cannot 

be 

disregarded. 
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Page  80. 

To  evaluate  the  effect  of  a change  in  the  kinetic  energy  to  the 
value  of  the  vertical  velocity,  le*'  us  make  a series  of  thn  auxiliary 

transformations: 


dV 

dt 


V_  dV  dH 
g dH  dt  ’ 


but 


JH 

dt 


= 1/ 


#> 


Vn-— 


dV 


g dH 


v,=vt 


dH 


m 


there  fore 
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now  expression  (4.13)  assuir.es  the  form 


d 

dH 


hence 


second  term  in  denominator  it.  determines  rate  of  change  with 

wr 

height/altitude  of  the  specific  kinetic  energy  of  aircraft,  i.e., 
kinetic  energy,  divided  Ly  weight  of  aircraft. 


From  relationship  (4.14)  as  and  from  (4.13),  it  follows  *-hat 
during  the  climb  with  acceleration  the  vertical  velocity  of  y' 
becomes  lower  than  the  vertical  velocity  of 


Vf 


with  that  wh ich 


tl  n 
the 


was 
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establish/installing  altitude  gain  along  straight  path. 


Along  with  a change  in  the  altitude  of  fliqht,  lot  us  examine  a 
change  in  the  energy  height/altitude  of  ^ , for  which  let  us 

i7 

differentiate  expression  (2.23)  by  height  H: 

(¥■*) 


taking  into  account  that  the  denominator  in  expression  (4.14)  is 
the  expression  of  the  derivative  of  t>OSSii-t'l-f?  to 

determine  the  dependence  of  the  vertical  velocity  on  a change  in  the 
energy  height/altitude: 


dH,  _t 

dH 


dH 


(-£)• 


(U) 


from  equalities  (4.15)  and  (4.15)  it  follows  that,  with  an 

d H 

increase  in  the  velocity  with  the  height/altitude  of  — -7  > 1 and 

d n 
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It  one  considers  tnat  tor  a subsonic  aircraft  the  rate  ot  climl 
is  little  affected,  then,  obviously,  a change  of  their  energy 
height/alt itude  in  essence  depends  on  a change  in  the  altitude#  i.e., 
Vt~Vl,  and  then  dH^dH. 


Page  81. 


Fol  supersonic  aircraft  second-segment  climb  occurs  with 
acceleration;  therefore  for  it  a difference  between  between  the  Yu- 

and  \j  + can  be  sufficiently  considerable.  Furthermore,  one  should 

5 

consider  that  of  some  types  of  supersonic  aircraft  in  the  determined 
altitude  range  is  possible  a sharp  decrease  in  the  value  of  up 

to  zero  (see  iig.  h.7).  At  these  height/altitudes  passage  from 
subsonic  flight  speeds  toward  supersonic  can  be  fulfilled  in  level 
flight  with  the  low  positive  values  of  or  -*-n  with 

reduction/descent,  if 


Vyi<3  . 


Since  the  specific  kinetic  energy  composes  the  considerable  part 
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of  the  energy  hei  ght/a  1 t i tude  ot  supersonic  aircraft,  great  practical 
interest  is  01  the  greatest  specific  energy  of  aircraft  and  the 
corresponding  to  it  maximum  energy  heiyht/altitude,  call?!  energy 
ceili ng. 


The  energy  ceilinj  of  is  reached  at  the  height 

ar ran qe/locat ed  usually  lower  than  absolute  ceiling,  it  tliqht  speed, 
on  close  to  maximum  tor  all  height/altitudes.  Therefore  if  we 
calculate  the  energy  height/altitude  of  //^  during  the  steady 
flight  ot  supersonic  aircraft  on  absolute  ceiling,  then  always 
Wjn,„>//Jn,T.  After  acceleration/dispersal  to  maximum  speed  at  the 
height  which  corresponds  to  energy  ceiling,  as  a result  of  the 
conversion  of  Kinetic  energy  into  potential  during  the  unsteady 
retarding  flight  it  is  possible  to  build  up  aircraft  on  the 
height/altitude,  which  exceeds  static  absolute  ceiling. 


If  we  realize  that  entire  reserve  ot  kinetic  energy  is  used  f or 
the  lift,  then  in  this  case  with  a decrease  in  the  velocity  of  flight, 
down  to  zero  aircraft  must  is  tygone  achieve  the  ballistic  ceiling  ot 
t during  which  it  it  would  possess  only  potential  energy. 

However,  ballistic  ceiling  is  virtually  unattainalle  foi  aircraft  for 
the  following  reasons. 
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Fust.,  for  the  preser  Vdt  i on  of  aircraft  handling  ita  spe»d  must 
be  not  lower  than  the  minimum  safety  speed  of  * Th*1  value  of 

safety  speed  is  defined  by  the  value  of  evolutive  velocity  head  wirh 
which  the  aircraft  as  vehicle  with  aerodynamic  controllers  retains 
another  controllability,  i.e.,  "si ushchaetsya"  controls.  Evolutive 
velocity  head,  it  is  natural,  it  has  constant  values  for  all 
height/altitudes;  therefore  safety  speed  increases  with  the 
height/altitude,  remaining  in  this  case  less  minimum  (V/DB< V’min).  how 

it  is  provided  aircraft  handling  under  conditions  of  taiceoff  and 
landing. 


In  the  second  place,  during  lift  to  ballistic  ceiling  in  certain 
altitude  ranee  drag  exceeds  the  engine  thrust.  And  finally  upon 
transition  of  aircraft  from  straight  flight  at  the  height  which 
corresponds  to  energy  ceiling,  to  the  climb  regime  it.  is  necessary  to 
increase  angle  of  attack;  therefore  on  certain  phase  of  flight,  part 
of  the  energy  is  ax pend/consumed  on  the  overcoming  of  the  grown 
inductive  reactance. 
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An-3  although  subsequently  inductive  reactance  can  be  lecreasel  down 
to  zero,  all  the  same  yener get ichesk aya  aircraft  altitula  in  the 
process  of  lift  will  be  less  than  in  the  beginning  of  maneuver,  i.e., 
in  flight  at  the  height  which  corresponds  to  the  energy  veiling  ot  Xu 
(is  curve  DC  in  Fig.  4.10). 


The  greatest  height/altitude  which  can  achieve  the  aircraft 
during  the  unsteal  y controlled  flight,  is  called  the  servic®  ceiling 
of  At  the  height/altitude  of  service  ceiling,  the  flight  speed 

is  equal  to  safety  speed.  If  we  designate  the  total  loss  of  specific 
energy  by  the  symbol  of  ^ , that  energy  balance  during  lift  ^rom 

energy  ceiling  to  dynamic  will  be  expressed  by  relationship 


H . 


U 


■H,., 


a the  height/altitude  of  service  ceiling  - by  formula 
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diagram  for  determining  service  ceiling  is  shown  in  Fig.  4. TO. 
The  velocity  band  of  the  steady  flight  is  limited  by  tha  to  the  left 
most  advantageous  flight  speed  of  Vimim.  to  the  right  - by  the 

maximum  speed  of  V'max.  Here  is  Plotted/applied  the  dependence  of 
the  safety  speed  on  flight,  point  A,  at  which  the  Vh»m»=* V'oiii. 
determines  static  absolute  ceiling. 


The  curve  BD  on  curve/graph  corresponds  to  a change  in  the 
flight  speed  with  heig ht/a lti t ude  in  the  constant  specific  energy, 
equal  H»rt»x  Tha  equation  of  the  curve  BD  is  expressed  by  formuli 

(i ‘./'ll 
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the  point  of  contact  of  tangency  D of  the  curves  BD  arid  AD 
determines  the  altitude,  which  corresponds  to  the  maxim  im  energy 
height/altituda,  i.  o.  , to  the  energy  ceiLinq  of  aircraft.  In  t ho 
absence  of  energy  losses,  the  ballistic  ceiling  is  determine!  by  f he 
point  ot  intersection  of  the  curve  of  gggggg  with  the  axle/axis  of 
ordinates. 


By  disregarding  losses,  service  ceiling  can  be  determined  by 
point  B of  the  intersection  of  the  curve  BD  with  the  carve  V„=f(h). 
Virtually  service  ceiling  will  be  determined  by  point  C which  is 
arranged  below  point  B to  the  rate  of  energy  loss. 


Page  83. 

Lower  than  the  point  C is  arranged  the  range  of  unstealy  flights. 
With  a decrease  in  the  he  iq  ht/a  It  i t ude,  the  speed  ran^e  of  the 
unsteady  level  flight  is  expanded,  they  increase  the  horizontal 
phases  of  flight  with  braking* 


4.7.  Baroqrams  and  the  trajectories  of  climb  and  reluct  ion/descent. 
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In  flying  practice  are  encountered  the  divei.se  variants  of 
flight  over  the  inclined  trajectory  whose  accomplishing  is  connected 
with  the  solution  of  extreme  problems-  In  the  number  of  the  most, 
important  tasks  of  this  type  it  is  possible  to  name  the  climb  for  the 
minimum  time  interval,  the  set  of  base  altitude  with  the  minimum  fuel 
consumption,  steep  climb,  the  gain  of  altitude  or  reduct  ion/Je  sc^  nt 
with  output/yield  to  the  given  point  oi  space  for  a minimum  time  and 
a series  of  others.  The  majority  of  these  tasks  is  relate!  to  the 
range  variation. 


As  an  example  are  set  forth  below  the  methods  of  the 
determination  of  the  time  of  climb  and  trajectory  of  flight  luring 
the  assigned  climb  regime. 


Analytically  transit  time  from  one  flight 
characterized  by  the  energy  height/altitude  of 
with  the  energy  height/altitude  of  during 

possible  to  determine  from  expression  ( J.  35): 


co  nd it  ions, 
ll  , toward  another 
unsteady  flight  it  is 
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this  integral  is  calculated  approximatel y by  numerical  or 
graphic  methods. 


During  the  steady  flight  along  the  trajectory  of  dH3=dH  and 
the  given  formula  for  determining  of  t accepts  the  following  form: 


thus,  during  unsteady  flight  the  time  of  a change  in  the  flight 
conditions  is  determined  not  by  the  geometric,  but  energy 
height/altitude,  and  in  both  cases  the  calculation  is  conducted  not 
on  the  true  vertical  velocity  ot  a on  the  velocity  of 

which  virtually  it  can  be  reached  only  during  the  rectilinear  steady 


s » 
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As  a rule,  during  the  calculation  of  integrals  the  tim 
is  calculated  from  //|—//»i—0  to  service  ceiling. 


I 


of  climb 
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Thu  graphic  dependence  of  thy  climb  on  time  is  latecmir.ed  from 
so  the  one  who  is  called  the  oncogram  of  the  climb.  This  rut"  was 
added  historically  it  is  explained  by  the  fact  that  barogram  it  car 
be  traced  by  barograph,  i.o.,  by  barometer-chart  recorder.  Since  the 
height/altitude  and  air  pressure  are  interconnected,  barograph  can  be 
thoroughly  calibrated  not  on  pressure,  but  by  heigh*,  and  the 
recording  of  instrument  will  depict  the  dependence  of  haight/altitude 
on  time,  i.a.,  to  baro jram. 


The  barogram  or  the  set  of  the  hei jht/alt itude  ol  subsonic 
aircraft  is  shown  in  Fig.  4. 1 1 , supersonic  - in  Fig.  4.12.  The 
horizontal  line,  carried  out  at  the  height/altitude  of  absolute 
ceiling,  is  asymptote  for  both  barogram.  Barogram  in  Fig.  4-1^  it  has 
the  horizontal  area/site*  which  corresponds  to  the 
accel ei at i on/di spe r sa 1 of  aircraft  in  level  flight  prior  to 
supersonic  speeds,  since  rn  this  altitude  range  of  level  flight  the 
vertical  velocity  of  steady  climb  for  a supersonic  aircraft  decreases 
(Fig.  4.7b)  or  even  becomes  equal  to  zero.  Contemporary  supersonic 
aircraft,  as  a rule,  have  large  thrust- weight  ratio;  therefore  for 
the  majority  of  them  of  horizontal  area/site  on  barogram  (see  Fig. 
4.12)  it  can  and  not  do. 
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If  it  is  require  i to  determine  Juration  of  ascent  beginning  wit 
the  torque/moment  of  takeoff,  then  the  time,  counted  off  on  baroqrai 
will  oe  less  approximately  on  1-1. 5 min.  This  is  explained  ly  ’•he 
fact  that  the  unstick  speed  lower  than  the  speed  of  most  advantaqeou 
lift;  therefore  in  the  beginning  of  lift  aircraft  moves  accelerated, 
but  its  vertical  velocity  in  the  beginning  of  trajectory  is  lox-n 
than  maximum. 


The  length  of  steady  climi  can  be  determined  approximately,  if 
is  known  the  rate  of  climb: 


V cosMt~V<vt. 


(.Wl 


. Page  85. 


Rate  of  V subsonic  aircraft  with  height/altitude  is  little 
affected;  therefore  it  it  is  possible  to  average  and  to  remove  from 
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under  integral  si  j i\.  Furthermore,  at  comparat  i vel  y low  rlimh  angle.-, 
it  is  possible  to  place  $-  =. / . loro  accurately  the  lanjth  of  steady 

climb  can  be  found,  after  constructing  trajectory  of  climb. 


To  give  the  single  procedure  for  the  trajectory  calculation  for 
all  possible  cases  of  unsteady  flight  is  difficult,  since  the  flight 
trajectory  can  be  both  rectilinear  and  curvilinear.  Furthermore,  the 
unsteady  flight  is  usually  caused  by  'special  requirements,  for 
example  by  the  shortest  flight  time  to  the  given  noint.  in  space. 
During  the  solution  of  the  last/latter  problem,  it  can  seem  that  the 
climb  from  \/j  will  not  be  optimum,  an  1 aircraft  faster  will 

achieve  the  given  point  at  the  smaller  climb  angles  and  at  larger 
trajectory  speed. 


A reduction/descent  in  the  aircraft  is  possible  without  a change 
in  the  engine  power  rating;  however,  to  avoid  the  excess  of  maximum 
flight  speed  engines  usually  ate  throttled,  and  then  margins  of 
thrust  in  these  mode/conditions,  and  also,  therefore,  the  vertical 
velocity  they  become  negative  as  this  evidently  from  Fig.  4.4. 


The  similar  phenomenon  can  occur  with  failure  of  one  of  the 
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engines  of  multienqine  aircraft  under  the  conditions  of  cruising 
flight.  The  character  of  a charge  in  the  Vymax  . of  aircraft  with 

s' 

failure  of  one  of  the  engines  is  shown  in  Fig.  h.  9h.  Tn  this  ca  ;e  the 
aircraft  will  descend  until  it  achieves  the  absolute  ceiling, 
determine!  taking  into  account  the  remaining  in  work  engines  (WT0TK 
in  Fig.  4.9b).  Flight  at.  this  he  ig  ht /al  ti  t ud«  is  virtually 
impossible,  since  during  the  least  decrease  in  the  flight  altitude, 
for  example  with  the  incide nce/impi ngemen t in  the  descending  gust  of 
air,  aircraft  no  longer  will  return  to  absolute  ceiling.  To 
confidently  keep  level  of  flight  pilot  will  be  able  only  a4-  the 
height/altitudes  less  than  the  new  absolute  ceiling  and  which  do  not 
exceed  the  service  ceiling,  determined  taking  into  account  the  engine 
failure. 


The  calculation  the  barograms  of  reduction/descent  is  conducted 
accurately  in  the  sane*  manner  as  for  during  the  climb,  only  with  the 
changed  integration  limits  (limits  must  be  interchanged  the 
position),  since  in  these  calculations  the  V*  will  be  n egat i ve. 

U 

The  distance  of  reduction/descent  is  calculated  from  formula  (4.1ft). 


4.8.  Gliding/planning  aircraft.  Flight  of  glider/airframe. 
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Gliding/plaan  in.}  - flight  conditions  with  zero  or  close  to  z»ru 
by  thrust/rod.  Unpowered  flight  on  specially  for  this  the  intended 
flight  vehicles  - glider/airframes  possesses  large  attractiveness 
because  of  the  complex  of  the  subjective  perceptions* 
experience/tested  by  glider-pilot  in  flight,  and  also  to  the  higl. 
requirements  which  are  presented  to  the  skill  of  g 1 ider- pi  lot  during 
the  solution  of  the  problems  o i the  maximum  use  in  flight  of  ♦■he 
technical  flight  properties  of  the  glider/air t rame:  tn?  achievement 
of  the  maximum  range  of  flight,  height/altitude,  load  capacity,  e«r. 

Page  86. 

Our  Soviet  g 1 i ier - ni lots  on  the  g 1 idcr/a lr f r a mes  of  the 
constructions  of  0.  K.  Antonov  attained  the  outstanding  successes  in 
the  sport  mastery/a  dopt.  ion  of  airspace,  to  their  belong  many  world 
records  in  this  manly  form  of  sport. 

However,  interest,  in  tne  gliding  condition  of  contemporary 
aircraft  is  explained  in  any  way  not  by  sport  considerations.  Good 
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gliding  chdracter  istics  of  aircraft  ire  a guarantee  of  flight  safety, 
since  for  the  qualified  pilot  they  make  it  possible  to  complete  the 
confident  touchdown  in  the  failure  of  engines. 

Set/assuming  for  the  rake  of  simplicity  in  the  calculations, 
that  the  gliding/planning  is  made  along  straight  path  without  bank 
and  slips,  from  equations  (4. 1)  we  will  obtain  for  gli 1 ing/pla nning 
in  vertical  plane 


— X — G sin  m — 
dt 


Y — Geos  0=0. 


( V-/f) 


during  the  steady  process  of  gliding/planning  equation  (4.19) 
they  ate  simplified: 

( V-**  J 


X — — G sin  0, 
Y =G  cos  0. 
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equations  (4.19)  a n 1 (4.20) 
relationship  between  the  forces, 
glidiny/planning  (Fig.  4.13). 


can  be  obtained  directly  from  the 
which  act  on  aircraft  during 


All  the  gliling  character i st ics  ate  slope  angle,  the  vertical 
velocity  and,  etc  - it  is  possible  to  determine  of  the  obtained 
previously  dependences  for  a flight  by  inclined  trajectory,  equating 
to  zero  the  engine  thrust,  and  also  from  equations  of  motion  during 
gliding/planning,  especially  because  these  equations  are  maximally 
simple. 

For  determining  slope  angle  during  steady  glide,  it  is  necessary 
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to  piecemeal  divide  the  r irst  equation  of  system  (4.23|  into  the 
second,  then 


gliding  angle  and  the  corresponding  to  it  fLight.  speed  along 
trajectory  it  is  possible  to  determine  by  the  points  of  i a te rs^ct i or 
of  curved  required  thrusts  or  powers  with  t.  hi?  axle/axis  of  abscissas 
(see  Figs.  4.2  and  4.d).  It  gliding  angle  is  known,  then  soeed  can  b 
determined  by  formula  (4.4). 
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Fig.  4.13.  Diagram  of  the  forces,  which  act  on  aircraft  luring 
gliding/ planning. 


Fig.  4.14.  Polirs  of  gliding  speeds. 


Key:  (1).  Div^.  (2).  Gliding/planning. 
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Since  each  flight  s|wl  along  trajectory  corresponds  the  defined 
gliding  angle,  by  plot/deposit  1 ng  velocity  vector  from  to?  beginning 
of  the  coordinate  system  as  iron  pole,  at  the  appropriate  gliding 
angle,  it  is  possible  to  obtain  the  polar  diagram  (polar!  of  gliding 

speed  s (Fig.  4.  14)  . 


Gliding  angle  has  the  minimum  absolute  magnitude  with  the 
maximum  lift-drag  ratio,  i.e., 

|8L,.=arctg--!—  . 

vertical  and  the  horizontal  components  of  flight  speeds  it  is 
possible  to  find  from  relationships 


V/or=V  cos0;  Vj— 


V co»  ft 


' rop 


in  flying  practice  gliding  angles  usually  do  not  exceei 
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0.07-0.10  is  glad,  also,  by  these  cases  of  Kop^V. 


Or.  the  polar  of  gliding  speeds,  the  point  of  contact  of  f h^> 
tangency  of  straight  line,  carried  our.  from  the  origin  of 
coordinates,  with  t ho  polar  of  gliding  speeds  determines  the 
mode/cond  it  ions  fiat  glide  of  - The  highest  point  of  polar 

corresponds  i.e.  to  the  slowest  reduction/descent.  For  the 

subsonic  passenger  aircraft  of  the  speed  flat  glide  of  (|6|min)  and 
slowest  reduct.  ion/descent  in  the  (|l/|vmtn)  they  differ  little  from 
each  other. 


Page  86. 


At  the  wile  gliding  angles  of  ( I e 1 >o,5  r*JL/ 
gliding  speed  is  determined  from  formula  (4.4), 


i.e.  during  dive,  t 
several  that,  whicn 


was  altered  taking  into  account  relationship  c»“<gicos0: 
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where 

i ur  ing  the  nose  dive  ot  £y-  Q and  flight  speed  is  expressed  by 

forma  la 


V 


fliqht  speed  during  gl  id  i ng/pla  nni  ng  it.  increases  with  a 
decrease  in  the  air  density;  therefore  different  to  height/altitudes 
will  correspond  the  different  polar  diagrams  of  speed  (see  Fig. 

4. 14)  . 
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The  distance  of  the  rectilinear  steady  glide  it  is  passible  * o 
determine  from  relationship 


l = HtizO=KH. 


during  the  unsteady  gliding/planning,  i.e.,  during 
gliding/planning  with  accelera tion/dis persal  or  with  braking,  it  is 
necessary  to  consider  a change  in  the  kinetic  energy.  If  during  the 
steady  flight  tha  supplementary  potential  energy  of  position  is 
expend/consumed  on  the  completion  of  work  on  the  overcomin  j of  forces 
of  friction,  then  during  gl iding/planning  with  acceleration/dispersal 
it  is  spent  on  an  increase  in  the  kinetic  energy.  That  means  during 
gliding/planning  with  acceleration/dispersal,  the  flight  path  angle 
will  be  "abr'ipt/staeper  than  during  steady  glide,  and  during 
gliding/planning  with  braking  flatter.  With  respect  changes  gliding 
dista  nee. 


The  length  of  trajectory  during  gliding/planning  is  determined 
by  conversions  and  integration  of  differential  equation 
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<11 =ds  cos  8=  V cos  BJt, 


where  ds  - the  trajectory  element,  flown  for  the  interval  of  time  It, 
but  dl  - the  horizontal  projection  of  this  ce ll/eleroent . 


By  substituting  in  previously  obtained  relationship 
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By  substituting  this  value  <it  in  (4.24),  let  us  determine  '11  in 

the  form 


in  tho  approximate  computations  the  value  of  lift-drag  ratio  it 
is  possible  to  average  by  height,  ar.  1 to  remove  it  from  under  integral 
sign*  Then  «e  obtain 


/Ccp(tf„-W.s) 


( 


Hx-Ht+ 


)•  (V-I 
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witn  V j ~ y 2 formula  (4.,2f>)  assumes  the  form  previously  obtained 
formula  (4.23). 


Gliding  distance  will  be  greatest,  it  gliding  condition  for  each 
height/altitude  is  be  maintain/withstood  with  the  maximum  quality. 

The  maximum  quality  of  subsonic  aircraft  virtually  is  ejual  at  all 
he  igh t/a It 1 1 uqes.  During  calculations  of  the  transonic  aircraft  of 
tor  different.  height/altitudes,  it  is  necessary  to  average. 

TO  3\ 

The  more  precise  values  o£  the  maximum  gliding  distance  are 
obtained  by  gra pho- ana  1 y t ic  method,  if  are  known  the  curves  of  the 
required  thrusts  of  level  flight  for  a series  ot  he  1 gn t /a  1 t i tudes. 


BY  having  curves  of  required  thrusts  and  after  assigning  d 
series  of  values  ot  velocity,  it  is  possible  to  determine  for  each 
height/altitude  and  the  flight  speed  of  the  value  of  lift-drag  ratio 
and  energy  height/altitude: 


J 
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after  which  to  construct,  the  graph/diagrams  of  the  dependence  of 
K=f{H,  H,).  Their  approximate  form  is  shown  in  Fig.  4.15.  The 
envelope  is  the  graphic  representation  of  the  integrand  of  integral 
(4.25)  for  the  optimum  gliding  conditions  at  all  height/altitudes. 
The  maximum  range  of  gliding/planning  is  determined  by  the  area, 
limited  by  the  appropriate  energy  height/altitudes,  t h «=•  curve/graph 
of  integrand  and  by  the  axle/axis  of  abscissas. 
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Page  90. 


Fig.  4.16.  Erfect  of  the  incidental  down  wind  on  the  polar  of  gliding 

speeds. 


Fig.  4 . 1 7 . Effect  of  the  incidental  upward  wind  on  the  polar  of 
gliding  speeds. 
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With  tne  incidence/impingement  of  aircraft  into  the  air  current, 
characterized  spaed  «* , it.s  speeu  earth  referenced  Vt,  called  ground 
speed,  will  be  equal  to  the  vector  sum  of  wind  velocity  and  gliding 
speed,  i.e.. 


Vi  = V+W. 


for  convenience  in  the  evaluation  of  the  effect  of  wind  velocity 
on  different  gliding  conditions  the  diagram  of  gliding/planning  is 
constructed  in  the  new  coordinate  system-  For  this,  one  should  the 

origin  of  coordinates  (see  Fig-  4.14)  transpose  in  the  direction,  to 

t~9. 

the  reciprocal  vector  of  y/  (Fig.  4.1h).  In  the  obtained  thus 
system  ot  coordinates  are  deter  mined  *he  trajectory  speed  V,,  the 
vertical  component  of  the  speed  ot  anJ  anule  of 

. The  cnaracter  of  glide  path  depends  on  wind  direction: 
trajectory  will  be  flitter  with  the  incidental  and  upward  wind  and 
abrupt/steeper  wi»  h wind  contrary  and  descending. 


If  the  vertical  component  of  wind  proves  to  be  mor“  than  the 
vertical  velocity  ot  flight  vehicle,  then  its  reduction/dascent  will 
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occur  slower  than  the  lift  of  air,  i.e.,  flight  altituie  wj]i 
increase.  This  is  the  completely  real  case,  since,  for  example,  of 
good  glider/airf ra mes  the  smallest  rate  of  descent  can  be  less  than  1 
u/s,  but  under  conditions  of  the  Soviet  Union,  fairly  often  meet  the 
stable  updraft  vertical  component  1-3  m/s  and  more.  Diagram  on  Fig. 

4.  17  is  constructed  for  the  case  when  in  certain  flight  envelope  + ne 
value  of  the  vertical  velocity  earth  referenced  becomes  positive, 
i.e.,  is  possible  an  increase  in  altitude  of  flight. 


Skillfully  by  utilizing  up  drafts#  it  is  possible  to  gather  high 
altitude  and  to  fly  distance  several  hundreds  of  kilometers. 


Page  91. 


4.9.  Effect  of  operational  and  str uct ura l/des ig n factors  on  the 
chata cter ist ics  of  the  set  of  height/altitude,  red uct ion/d “sco nt  and 
gl  id  in  g/pla  fining. 


The  effect  of  structural/design  and  operational  factors  on  the 
flight  of  aircraft  in  vertical  plane  can  be  traced,  somewhat  by 
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converting  the  already  obtained  previously  relationships. 


So,  alter  fulfilling  term-hy-term  division  in  formula  (4.9),  we 
will  obtain 


taking  into  account  that  the  flight  path  angle  of  transport 
aircraft  is  usually  very  low,  it  is  possible  in  the  seooni  term  of 
the  right  side  of  the  formula  to  accept  Then  for  determining 

the  vertical  velocity  we  obtain  expression 


where  p = p/g  - the  t hr ust- we ig h t ratio  of  aircraft. 
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The  last/latter  equality  makes  it  possible  ♦ o draw  the 
conclusion  that  an  increase  in  t hr ust- weight  ratio  and  aerodynamic 
fineness  ratio  leads  to  an  increase  in  the  rate  of  climb. 

On  the  averaje  for  contemporary  passenger  aircraft  it  is 
possible  to  consider  that  at  medium  altitudes  a change  in  the  thrust 
(or  power)  of  anjine  to  lo/o  it  leads  to  a change  in  the  vertical 
velocity  with  that  sign  to  1-5-2o/o*  The  more  is  loaded  aircraft,  the 
considerable  the  effect  of  thrust/rod  (or  power)  on  the  vertical 
velocity. 

j 

An  increase  in  the  gross  weight  with  the  assigned  thrust/rod 
negatively  shows  up  in  the  value  of  the  vertical  velocity  at  the 
climb,  mainly,  as  a result  of  a decrease  in  the  thrust-weight.  ratio 
of  aircraft,  in  the  first  approximation,  it  is  possible  to  consider 
that  an  increase  in  the  gross  weight  by  lo/o  produces  a decrease  in 
the  vertical  velocity  by  1.5-20/0.  A decrease  in  the  vertical 
velocity  in  turn,  leads  to  a decrease  in  the  theoretical  and  service 
ceilings  of  aircraft.  A change  in  the  weight  to  lo/o  produces  change 
in  the  ceiling  on  60-70  m,  if  ceiling  exceeds  11  km.  On  the  lower 
altitudes  the  gravity  effect  is  more  considerably.  For  example  with 
ceiling  in  limits  8-10  km  each  percentage  of  a change  of  the  weight 
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produces  change  in  the  ceiling  approximately  on  100  m. 


Prom  meteorological  conditions  most  strongly  affect  the  vertical 
velocity  the  pressure  and  the  temperature  of  an.  For  turbojet 
engines,  tor  example,  a change  in  the  thrust/rod  with 
constant/invariable  number  of  revolutions  can  be  approximately 
expressed  by  dependence 


P=P*£-. 

H 


where  P0  is  a thrust/rod  undPt  standard  atmospheric  conditions  of  the 
Earth;  A - the  relative  density  of  air;  T0  and  ~T^_  - respectively 

the  temperature  of  the  Earth  and  under  conditions  of  flight. 


Page  92. 


Relative  density  and  temperature  decrease  with  height/alt itude. 


whereupon  to  altitude  11  km  an  incidence/drop  in  the  i?nsity  passes  1 
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temperature  drop;  therefore  thLust/rod  TED  with  height/alt it ude 
decreases-  At  heig  h t/a  1 1 it  udes  more  than  11  kin  a decrease  ir.  t ne 
thrust/rod  becomes  more  intense,  since  at  these  height/altitudes 
temperature  is  constant,  and  density  continues  to  decrease-  For  TVD 
(TOO,  - turuoprop  engine]  the  character  ot  power  change  in 
temperature  dependence  approximate! y similar. 


For  the  standard  atmosphere  of  SA-64  (GOST  [ rocr  - All- union 
State  Standard]  440  1-64)  relation 


for  different  height/altitudes  has  the  following  values: 
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H KM 

0 

2 

4 

6 

8 

10 

A TolT„ 

1,000 

0,800 

0,735 

0,684 

0.583  , 

0,434 

pressure  anil  temperature  are  subjected  to  the  space-time  changes 
which  one  should  consider.  For  example  the  point  of  tangency  of 
engines  in  flight  at  the  level  of  sea  in  cold  frost  weather  will  bo 
significantly  higher  than  in  hot  weather  somewhere  in  the  area  of 
high- mount  am  airfield.  Therefore  in  the  first  case  th?  climb  is  made 
through  more  steep  trajectory,  than  in  the  second. 


To  gliding  characteristics  as  this  is  evident  from  formulas 
(«.«)  and  (4.18),  in  essence  affect  lift-drag  ratio  ani  the  weight  of 
of  aircraft.  The  weight  of  aircraft  aftects  velocity  along 
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trajectory,  and  lint-drag  ratio  atfec  the  gliding  angle.  The 
greatest  lift-drag  ratio  of  contempor ary  passenger  aircraft  is  16-17. 
The  teicperature  and  air  pressure  affect  gliding  speed,  since  on  them 
depends  the  air  density,  and  in  practice  they  do  not  aft°ct  angle  an i 
gliding  distance. 


PROBLEMS  FOR  REPETITION. 


1.  Write  is  the  condition  of  the  lift  of  aircraft  for  straight 
path  and  the  corresponding  to  it  eguation  of  motion. 


2.  What  such  is  the  most  advantageous  rate  of  climb? 


3.  How  to  explain  the  possibility  of  two  ceilings  of  supersonic 
aircraft  (see  Fig.  4.7b)?  Page  93. 


4.  in  which  flight  conditions  during  lift,  the  vertical  velocity 
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will  be  more  - in  esta bl ish/i ns ta 1 led  or  that  which  was  being 
unsteady?  How  is  expressed  the  relationship  between  them  at  constant 
power  ? 


'S.  What  such  is  the  energy  ceiling  of  aircraft? 


6.  Draw  the  polars  of  gliding/planning  aircraft  without  those 
which  were  released  and  with  lowered  with  mecha nization/h igh- 1 if t 
device  and  chassis/landing  gear  with  H = const  and  explain  how  they 
they  are  distinguished. 


TASK. 


To  determine  the  maximum  vertical  velocity  of  the  y ^ of 
aircraft  Ah-24  of  the  Earth  under  the  following  conditions:  the 
equivalent  horsepower  of  one  engine  N = 1880  kW;  the  sptead/scope  of 
wing  2 = 20,2  m;  wing  area  72.4b  the  drag  coefficient  with  of 

Cy  z.  0 is  equal  to  0.022;  propeller  efficiency  at  the  flight  speeds 
of  0>7  in  question  the  effective  aspect  ratio  of  wing  less  than 

geometric  by  30o/o. 

Answer/response:  V,,,,— 7,4  m/s. 


Pages  94-1  11 


Chapter  0F  V. 


DISTANCE  AND  DU«ATlON  OF  FLIGHT. 


(?5.1.  Basic  det?r m ina t ions  and  concepts. 
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The  «ay  t,  flown  by  aircraft,  it  is  possible  to  divide  in^o 

three  parts:  way  luring  fhe  set  of  the  hei jht/a It ituie  of  ^ ' 

luring  a t educt.  ion/descent  in  the  / and  during  the  level  flignt 

of  i Then 

rop 

l —I,  #6'i'  ^rop  4'^cie 


. The  way  of  aircraft  during  the  climb  and  during 

reduction/descent  is  calculated  from  formula  (4. IB).  The  length  or' 
the  horizontal  section  of  the  way  of  i depends  on  the  res  rve  of 
fuel/propellant  and  expendituie/consum ption  by  its  engines. 

the  distance,  measured  according  to  the  earth’s  surface,  which 
can  fly  aircraft  without  the  replenishment  of  supplies  of 
fuel/ptope 1 lant , is  called  flying  range.  The  time  during  which  th 
aircraft  is  found  in  air,  is  called  duration  of  flight. 
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The  amount  ot  fuel/propellant,  expended  on  the  horizontal 
section  of  way,  can  be  determined,  if  we  from  the  to^al  amount  of 
f uel/prope  11a nt  deduct  part  of  it,  expended  during  the  gain  of 
altitude  and  with  reduction/descent,  with  start  ing/launohinq,  ♦■ostinj 
and  engine  warm~up,  taxiing  to  st<*rt»  in  the  engine  operation  in  * he 
expectation  of  start,  in  flight  on  the  landing  circle,  and  also  the 
unproduced  fuel  remainder  in  fuel  tanks.  By  the  useful  expenditure  of 
fuel/propellant,  had  reserve,  is  its  expenditure  on  t.he  gain  of 
altitude,  level  flight  and  reduction/descent-  The  obtained  flying 
range  in  the  absence  of  wind  ard  with  the  consumption  of  the 
available  reserve  toward  the  torque/moment  of  landing  with  the  load, 
caused  by  technical  specifications,  is  called  technical  ranqe. 
Technical  range  can  be  reached  as  in  flight,  when  trajectory  lie/rests 
at  one  plane#  so  also  in  flight  along  the  closed  trajectory. 


Virtually  not  entire  available  fuel  reserve  is  expend/consumed 
in  flight  on  distance,  in  the  calculation  always  is  considered 
aeronautical  fuel  reserve.  This  reserve  is  necessary  for  the  case  of 
the  complication  of  weather  condition,  short-term  disorientation  and 


others  unforeseen  circumstances. 
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The  flying  range,  calculated  taking  into  account  aeronautical 
reserve,  is  called  the  service  range  of  flight. 


The  greatest  distance  up  to  which  can  the  can  be  removed 
aircraft  from  takeoff  point  with  the  subsequent  return  to  the  initial 
airfield,  is  called  the  radius  of  action. 


The  important  cha racterist ics  of  transport  and  passenger 
aircraft  are  maximum  nnge  of  flight,  the  maximum  endurance,  the 
maximum  radius  of  action. 


The  necessity  of  engine  for  fuel/propellant  is  characterized  Ly 
the  specific  fuel  consumption,  designated  Cp  - for  TRD 
(turbojet  engine]  and  - for  TVD  ^turboprop  engine]  and 

PD  /^instrument  panel].  The  differences  in  designations  are 

explained  by  the  different  dimensionality:  C,p  is  explained  the 

specific  fuel  consumption  in  kilograms  tor  one  hour  for  one  newton  of 
thrust/rod,  they  is  explained  the  specific 
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expenditure/consua ption  of  fuel  in  kilograms  for  one  hour  for  one 
kilowatt  of  power.  The  lesser  the  specific  fuel  consumption,  other 
conditions  being  ejual,  the  more  economical  the  engine. 


The  specific  fuel  consumption  depends  on  the  engine  power  rating 
(degree  of  throttling/choking),  of  height/altitude  and  flight  speed. 
The  hourly  consumption  of  the  fuel/propellant  of 
by  the  relationships:  for  TRD 


is  determined 


for  TVD  and  PD 


(D 

<7.=  e P ; 

y HOC 


( I ) k^//i 


(.5.1 ) 


d) 

nac 

(!)  / A 


where  P and  N - respectively  thrust/rod  TRD  power  TVD  or  pp 
estabiished/insta 1 led  on  aircraft. 
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The  tuel  consumption  on  1 km  way  (the  fuel  consumption  p^r 
kilometer  of  ) finds  by  the  division  of  the  hourly  consumption  of 

fuel/propellant  for  fliqht  speed: 


At*, 


(5.3) 


(here  speed  of  V is  expressed  in  m/s). 


It  is  obvious,  the  length  and  the  duration  of  the  horizontal 
phase  of  flight  they  depend  on  the  tuel  reserve  aboard  the  aircraft, 
on  the  hour  of  cj  and  kilometer  the  j ^ of  the  fuel  consumption. 
Hour  and  fuel  consumption  per  kilometer  as  specific 
expenditure/consumption,  they  depend  on  speed  and  flight  altitude, 
and  also  on  tne  engine  power  rating. 


Flight  time  and  the  distance  which  will  fly  aircraft  with  the 
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consumption  of  f ue  1/propellant  in  amount,  dm,  it  is  possible  to 
determine  by  formulas 


dl~ 


dm 

1* 


L5-¥) 


Page  96. 


Here  negative  sign  is  introduced  because  the  mass  of  aircraft  in 
the  process  of  flight  decreases  by  the  value  of  the  spant. 
fuel/ propellant.  By  integrating  expression  t'S.U),  it  is  possible  to 
determine  distance  and  duration  of  flight; 
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here  m0  and  ra,  are  a mass  of  aircraft  respectively  in  the 
beginning  and  at  the  end  of  the  section  of  the  level  flight  for  which 
is  made  the  calculation.  A change  in  the  mass  of  aircraft  is 
numerically  equal  to  the  fuel  consumption  on  this  phase  of  flight  (if 
in  flight  is  not  made  the  jettisoning  of  load): 
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. The  methods  of  the  determination  of  distance  and  duration  of 

flight  for  aircraft  with  TRD  and  for  aircraft  with  TVd  and  PD  have 
their  special  feature/peculiarities;  therefore  both  cases  are 
examined  here  separately. 


<§  5.2.  Distance  and  the  duration  of  flight  of  aircraft  with  TRD. 


distance  and  duration  of  level  flight  they  depend  on  the  flight 
conditions  and  engine  power  rating.  From  relationship  (5.1)  it 
follows  that  the  minimum  hourly  consumption  of  fuel/propellant,  and 
also,  therefore,  maximum  endurance  will  occur  with  (.C,pPf - I n 
chapter  III,  is  bygone  shown  that  the  required  thrust  for  a level 
flight  changes  over  wide  limits  depending  on  speed  and  flight 
altitude.  The  specific  fuel  consumption  changes  comparatively  little 
(Fig.  5.1a),  increasing  with  an  increase  in  the  flight  speed  and 
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decreasing  with  height/altitude  and  increase  in  the  engine  speed 

(Fig.  5.1b). 


The  gr  aph/di  a g ram  of  the  dependence  of  <j  ^ = £ C.V ) f°r  an 
aircratt  with  TRD  is  similar  with  tue  curve/graph  of  required  thrusts 
for  a level  flight  (see  Figs.  3.2  and  3.3)  and  is  only  a little 


displaced  to  the  side  of  an  increase  in  the  velocity  (Fig. 

since  the  value  of  ( j P J . corresponds  to  flight  speed, 

p n wm 

larger  than  most  a d van t ageous. 


5-2)  , 
somewhat 


The  fuel  consumption  per  kilometer  for  aircraft  with  TPD  is 
determined  in  accordance  with  dependences  (5.1)  and  (5.3): 


, y,  __  cp  P« 

* 3,6V  3,6  V 


<7, 


(5.6) 
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Key: 

{**)- 


(1).  k.j/h.N  (2).  Xg  of  fuel/propellant  { ))  . N*thrust  in  hour 
n (takeoff  conditions).  i5)f(*>\/h  y 
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P «•  » since  in  the  level  steady  flight,  require]  and 


Her  e 

the  points  of  tangency  are  equal. 


If  «e  in  the  first  approximation,  to  assume  that  the  mass  of 
aircraft  and  the  specific  fuel  consumption  are  constant/invariable, 
then  in  flight  at  one  and  the  same  height/altitude  fuel  consumption 
per  kilometer  will  be  minimum  with  minimum  the  sublimity  of  the 
relation  of  Pn/V  . This  mode/conditions  corresponds  to  flight  a t 
cruising  speed. 


Taking  into  account  a change  of  the  dp  in  the  process  of 
flight,  the  minimum  value  of  the  expression  of  / V ) ind, 

consequently,  also  the  minimum  fuel  consumption  per  kilometer  will 
correspond  to  speed,  not  how  much  larger  cruising. 


With  an  increase  in  altitude  of  flight,  the  minimum  fuel 
consumption  per  kilometer  sufficiently  rapidly  decreases.  To  this 
largely  contributes  the  increase  in  the  engine  speed,  caused  by  an 
increase  in  the  flight  speed  with  height/altitude.  A rata  of  change 
in  the  consumption  per  kilometer  decreases  with 

approach/approximat  ion  to  service  ceiling,  and  the  smallast.  value  of 
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fuel  consumption  per  kilometer  corresponds  to  the  flight  of  aircraft 
at  the  height  somewhat  the  lower  altitude  of  absolute  ceiling  (on 
400-600  m)  - From  t ^ is  viewpoint  a distance  flight  it  is  better  to 
realize  at  the  height/altitude  of  service  ceiling  or  at  the  height 
close  to  it. 


It  can  seem  that  for  a flight  at  hiqh  altitude  too  much 
fuel/propellant  is  expe nd/consumed  in  the  process  of  the  climb. 
However,  experiment  shows  that  if  the  horizontal  phase  of  flight 
composes  even  the  insignificant  part,  of  the  entire  distance  of 
flight,  then  flight  to  nevertheless  more  favorably  accomplish  at 
larger  height/altitude,  since  in  this  case  the  amount  of  expendable 
fuel/propellant  will  be  less. 


In  flight  of  transonic  and  supersonic  aircraft  significant  role 
plays  wave  drag;  therefore  frequently  the  flight  with  the  smallest 
fuel  consumption  per  kilometer  corresponds  to  height /a  1 1 i t ude,  is 
considerable  (on  l,  000~5y000  m)  the  lower  altitude  of  the  absolute 
ceiling  of  aircraft. 
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Pot  the  analysis  of  the  effect  of  the  flight  conditions  of  supersonic 
aircraft  in  fuel  consumption  pet  kilometer,  we  convert  expression 
( 5. b ) taking  into  account  (-4.7)  and  V - all: 


ePl2___  Jl_  e? 
,Y,mT  3,(>u  Kh\ 


(5.7) 


. In  the  supersonic  range  of  Mach  numbers,  the  aerodynamic 

quality  K is  gradually  decreased  with  an  increase  of  Mach  number, 
i/hereupon  a rate  of  change  in  the  lift-drag  ratio,  beginning  with 
certain  Mach  number  (Fig.  5.3) , passes  the  rate  of  an  increase  in 
Mach  number.  Therefore  the  value  of  product  KM  reaches  maximum  at  the 
definite  flight  speed.  The  rate  of  an  increase  in  the  specific  fuel 
consumption  is  small,  in  summation,  the  fuel  consumption  per 
kilometer,  increasing  in  the  transonic  range  of  Mach  numbers,  then  it 
decreases,  reaching  the  minimum  under  the  conditions  of  maximum 


ra  nge 
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All  the  giver.  Fig.  5.  3 values  ( e.  , K and,  etc)  gives  for  a 
hypothetical  supersonic  aircraft,  their  value  with  w = 1 are  accepted 

. ■ cp  i- 

as  unity,  i.e.,  rP  = — and  A'r= * — , 

lcr>  m-i  (A')v,., 

Since  the  consumption  per  kilometer  is  proportional  to  the  factor  ot 

C p 

the  — — , for  this  aircraft  it  will  be  minimum  when  M*=2.  From 

A.M 

curve/graphs  in  Fig.  5.3  it  is  possible  to  draw  the  conclusion  “hat 
the  fuel  consumption  per  kilometer  with  of  supersonic  velocities 
weakly  depends  on  flight  Mach  number;  therefore  there  is  a broad  land 
of  the  flight  speeds  at  which  the  distance  will  be  close  to  maximum. 


The  hourly  consumption  or  fuel/propellant  in  supersonic  zone 
continuously  increases  with  an  increase  in  the  Mach  number.  The 
greatest  duration  of  flight  of  transonic  a«d  supersonic  aircraft  is 
most  frequently  possible  with  Mach  numbers  = 0.85-1,  i.e.,  in 
transonic  range. 


g.  5. 


of  K,C KM 


and 


ire raft. 
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Usually  this  occurs  at  the  speed,  several  which  exceeds  itos‘ 
advantageous  flight  speed. 

It  hour  and  fuel  consumptions  per  kilometer  tor  an  aircraft  with 
THD  are  known,  then  the  distance  and  duration  of  flight  can  he 
determined  by  formulas  (5.4)  and  (5.5). 

In  the  steady  straight-and- level  flight  the  required  thrust  in 
accordance  with  formula  (3.6)  is  equal  to 


P. 


= X «-=<? 


X 


s. 


tj,yVS 

2 


i 

I 
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. By  knowing  the  lift  coefficient  of  c y , the  velocity  of  level 

flight  can  be  determined  by  formula  (3.4)  : 


Then 


f 20 

l >SCy 


— CP 
3,6  2 


f~W  _ 

\ *Sct 


— ~ l C SG 
3,0  ) 2 


Taking  into  account  that 

e=t>0A  = 1,225a, 
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where  p0  - lit  den  >ity  of  the  F'arth*  A = p/p0  - t ho  rslative  l‘>nsity 
of  air*  we  will  obtain 


f,,=0,68<-  J Sm&  -~r  • (5-8) 

V'n 


After  substituting  the  value  of  consumption  (5.8  per 
kilometer)  into  expression  (5-5) > it  is  possible  to  determine 
flying  range: 


7=1,47 


"*  • 

J | 5a 


1 Cy  dm 

cve*  } m 


(5.9) 


The  obtained  integral  is  solved  by  numerical  or 
graphic  methods.  Approximately  the  calculation  can  be  fulfilled  for 

certain  average  value  of  Cp  on  the  assumption  that  the  angle  of 

V Cy 

attack  in  flight  is  not  changed,  i.e.,  = const.  Then 

eP*X 
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In  the  system  of  ones  PIKS,  number  coefficient  in  formula  (5.10) 
is  equal  to  28.8,  since  in  this  case  mass  is  replace!  by  the/ 
appropriate  weiqht  an!  the  dimensionality  of  the  specific  consumption 
of  fuel  will  be  another. 

If  the  fuel  reserve  does  not  exceed  36-40  o/o  the  mass  of 
aircraft,  then  as  it  shows  practitioner,  approximately  it  is  possible 
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to  conduct  the  calculation  according  to  the  average  flight  mass.  In 
this  case  from  formula  (6.0)  we  obtain  sufficiently  simple  dependenc 


l __  1 .07  y Cy m, 

cp ) 5a  ex  > /Bcp 


(S-ll) 


where  the  r?i^.  ~ the  spent  mass  of  fuel/propell  ant,  or  taking  into 

account  (5.7) 


(5.12) 


< 

. If  the  velocity  and  flight  altitude  are  assigned/ptescribed , 

the  problem  is  solved  unambiguously  on  any  of  formulas  (5.0)  - 
(5.12).  But  if  is  assigned/prescribed  only  flight  altitude  and  it  is 
required  to  determine  the  flight,  speed,  which  cciresponls  to  maximum 
range,  then,  by  utilizing  any  of  the  formulas,  it  is  possible  to 
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fulfill  the  calculation  for  the  range  of  Miyht  velocities  and  by 
means  of  comparison  to  determine  the  flight  conditions#  which 
corresponds  to  maximum  range. 


The  duration  of  flijh*  i-s  deteimined  from  formula  ( 5> . S ) , which  with 
the  aid  of  formulas  (5.1)  and  (3.7)  it  is  possible  to  give  to  forms 


t 


dm  =T*  J_  dm_ 

1*  J *,  P 

•l 


(5. 13) 


. Page  101. 


Integrals  in  (5.13)  ate  solved  by  numerical  or  graphic  methods, 
if  one  assumes  that,  the  specific  fuel  consumption  oi  fuel  and  angle 
of  attack  do  not  change,  then  from  expression  (5.13)  we  will  obtair 
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t=~ — lll-^  . 
RCp  m, 


(5.  14) 


If  the  fuel  consumption  during  level  flight  does  not  exceed 
35-40  o/o  gross  weight,  then  the  calculation  of  duration  of  flight 
can  be  conducted  according  to  the  average  flight  mass.  In  this  case 
by  averaging  of  the  value  ot  the  lift-drag  ratio  K and  of  the 
specific  consumption  of  * he  fuel/propel  lant  of  cn  , from 
relationship  (5.13)  we  will  obtain 

K 

4—  X ’"t 
• " ' • 
gc  p mcp 

Of1  t __  «T 

V. 


(5.  15) 
(5.  16) 
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. From  equality  (5.15)  it  follows  that  if  we  in  the  first 

approximation,  accept  Cp=c.ons~t,  then  the  greatest  luration  of 
flight  will  be  with  , , i- e. , in  flight  at  the  optimum  speed 

of  V on  the  optimum  angle  of  the  attack  of 

HdUB  r H9M0 

§ 5.3.  Distance  and  the  duration  of  flight  of  aircraft  with  screw 

pr ope llers. 


Special  feature/peculiarity  of  the  calculation  of  distance  and 
duration  of  flight  for  an  ancraft  with  the  screw  propellers  consists 
of  the  need  for  considering,  besides  the  characteristics  of  engine, 
propeller  chaiacter ist ic  and  especially  of  its  efficiency. 
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considerably  depending  on  flight  condi  t ions. 


The  fuel  consn  mpt  i on  per  kilometer  is  determined  with  the  aid  of 
relationships  (5.  2)  and  (5.3): 


</«- 


3 .tit'  3,6 


N_ 

V ’ 


(5.  17) 


where  N it  is  determined  the  powei  of  engine. 


Virtually  entice  power  of  piston  engine  is  transferred  to  its 
shaft,  therefore,  knowing  the  efficiency  of  the  propeller  or 
from  formulas  (5.2)  and  (5.17),  it  is  possible  to  determine  hour  and 
fuel  consumption  per  kilometer  of  the  piston-enqined  aircraft: 
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(5.18) 


where  the  IV  are  the  requited  power,  qraphically  determined  by  the 
usually  curve  ol  required  powers  (see  fig.  3.10)  and  equal  in  the 
steady  level  flight  of  available  power. 


Page  102. 


By  utilizing  dependence  (3.12),  we  will  obtain  expressions  for 
determining  the  hour  and  fuel  consumptions  per  kilometer  for 
poston-engined  aircraft  in  the  form 
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e/1  V 

1.K  ’ 

C'O 

*M,K 


(S.  19) 


. From  chapter  II,  it  is  known  that  of  turboprop  aircraft  t he 

large  part  of  the  power  of  engine  is  transferred  to  the  propeller 
shaft  of  (S/^  , but  less  - is  realized  as  reactive  power  of  the  4A/^ 
of  gas  jet,  coming  out  from  nozzle  after  turbine.  Therefore  the  total 
power  TVD,  called  usually  equivalent,  is  egual  to  the  sum  of  shaft 

horsepower  of  the  screw/propeller  of  NQ  and  reactive  power  of  the 

o 


ANr  : 
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N%~*Nm+PV  = 1Vu  + iNg.  (5.20) 


Available  power  finds  from  relationship 


■Vp=V,n.H-A^. 


Let  us  introduce  t he  concept  of  the  jivon  efficiency  of 


propeller  TVD  takinj  into  account  the  reactive  power: 
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■Vp  'V,t,  4-  AiV # 

*7  AT.  + ' 


(5.21) 


. Virtually  in  calculation  it  is  possible  to  consider  that  the 
given  efficiency  of  gggggg  is  greater  than  the  propeller  efficiency 
of  **y  2-2.5  o/o  i.e. 

V = ,V+(2-*-2.5) V 


. Thus,  formulas  (5.19)  are  used  also  for  a turboprop  engine,  if 

we  during  tne  calculation  of  fuel  consumption  pec  kilometer  utilize 
the  given  efficiency- 
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If  in  the  first  approximation#  the  specific  expenditure  of 
fuel/pi opel lant  and  propeller  efficiency  is  set/assumed  by 
constant/invariable,  t hen  from  formulas  (6.19)  it  follows  that  the 
minimum  hourly  consumption  of  t uel/pro pel la nt  corresponds  to  the 
minimum  required  power,  i.e.,  as  this  is  byqone  shown  in  q.  Ill# 
flight  at  economic  speed.  In  the  same  conditions  the  minimum  fuel 
consumption  per  kilometer  corresponds  to  flight  with  the  maximum 
quality,  i.e.,  to  flight  at  optimum  speed.  Virtually  this  occurs 
during  the  flights  of  poston-enyined  aircraft.  Of  turoo.prop  aircraft 
with  an  increase  of  flight  speed,  increases  the  r eact i ve  power. 
Furthermore,  during  a decrease  in  the  degree  of  throttling/choking 
together  with  an  increase  of  total  power  increases  by  the  efficiency 
of  engine  and  decreases  the  specific  expenditure  of  fual.  According 
to  the  character  of  a change  in  the  power  the  efficiency  of  engine 
and  specific  fuel  consumption,  the  turboprop  engine  occupies  the 
intermediate  positicn  among  piston  and  turbojet  engines,  more 
approaching,  however,  pistor- 

Page  103. 


Therefore  the  minimum  hourly  consumption  of  f uel/propel 1 a n t for  an 
aircraft  with  TVD  will  occur  at  the  flight  speed,  which  a little 
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exceeds  economic  speed;  speed  with  the  minimum  ex pendit ure  per 
kilometer  will  be  more  than  most  advantageous.  The  smallest 
expenditure  per  kilometer  of  aircraft  with  TV d decreases  with 
height/altitude.  Therefore  for  achievement  of  maximum  range-#  it  is 
necessary  to  fly  at  the  height/altitude  of  service  ceiling. 

The  distance  and  the  duration  of  flight  of  aircraft  with  screw 
propellers  we  will  obtain,  after  substituting  the  values  of  the  hour 
and  fuel  consumption  per  kilometer  from  formulas  (5.19)  into  the 
integrands  of  formulas  (5.5); 
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/ = 3,6  \' 

dm  . 

(5.22) 

J gc§ 

m 

m. 

t=\  K\ 

dm 

(5.23) 

m, 

m 

. Of  symbol  r^,  is  lowered  the  index,  since  here  can  be  used  botn 

propeller  efficiency  of  piston  engine  and  the  given  efficiency  for 

TVD. 


The  integrals  in  expressions  (5.22)  and  (5.23)  ace  determined  by 
numerical  or  graphic  methods.  If  we  in  the  first  approximation, 
assume  that  the  Ce  / is  a constant  value,  then  in  flight  with 
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constant  angle  of  attack  after  integration  we  will  obtain 


/ = 3,6— . {5.24) 


. But  if  we  in  addition  to  this  conduct  the  calculation 

according  to  the  average  flight  mass,  then  expression  for  determining 
flying  range  is  simplitied: 


8Ct  9 K 


where  the  - the  mass  of  1 uel/prope 11a n t. 


For  determining  duration  of  flight,  we  will  use  formula  (5.23), 
which  with  the  averaging  of  integrand  approximately  can  be  written  in 
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the  form 


_A'r)  m,  r, 

gVe,  mcp  v. 


(5.26) 


. The  accur ac y/pr ecisi on  of  the  results,  obtained  with  the  aia 

of  formulas  (5.25)  and  (5.26)  is  completely  satisfactory,  if  during 
level  flight  the  amount  of  expendable  fuel/propellant  does  not  exceed 
the  third  of  the  mass  of  entire  aircraft.  Page  104. 


Otherwise  thp  calculation  can  be  made  through  the  phases  of 

flight. 


Reduction  in  the  weight  of  aircraft  in  the  process  of  flight  as 
a result  of  burnout  leads  to  a slow,  but  continuous  change  in  the 
flight  conditions. 
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If  we  are  not  add/ interfered  in  engine  control,  then  it  in 
necessary  either  to  lessen  angle  of  attack  in  order  to  noil  aircraft 
at  base  altitude  (in  this  case  decreases  the  inductive  reactance  and 
the  velocity  of  aircraft  grow/rises),  or  to  * ai nt a in/w 1 t hs t an i by 
constant  indicateu  speed,  gradually  increasing  flight  altitude 
(cruising  climb) . 


&)b.u+  Effect  of  structural/design  and  operational  factors  on 
dista rce  and  duration  of  flight. 


The  effect  of  structural/design  factors  on  distance  and  duration 
of  flight  can  be  examined,  by  utilizing  expressions  (5.11)  an.l  (5.25) 
for  turbojet  and  propeller-driven  aircraft  respectively: 
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/ = - 

1.47 

yc, 

mr 

l 

e„l  Si 

Cl 

K ^*fp 

*1 

mT  _ 

=3,6 

Cu 

gC, 

mcp 

gc. 

Cx 

. In  these  expressions  enter  the  values  of  -/c,  /c,v 

d * 

which  for  obtaining  the  maximum  range  of  flight  must  be 


a"d  V^' 

i»A  xi  raa  1 . 


In  accordance  with  relationship  (3.18)  : 
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. Taxing  into  account  the  values  of  Cc^/C* ) • we  tinJ  t',,J 

value  of  the  maximum  flying  distance  of  aircraft  with  the  screw 
prope 1 ler : 


<?«» 


mCp 


(5.27) 


. It  is  analogous,  the  using 

possible  to  obtain  expression  for 


for  mu  la  ( J.  2 3)  and  (5.11),  it  is 
determining  the  maximum  flying 
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distance  of  aircraft  with  TRD: 


0,836  . f m'P  wT 

c,vi  ei'l  Vs  m<f 


(5. 28) 


. Pago  105.  In  formulas  (S.27 ) and  (5.28)  aro  taken  into  account 
the  basic  structural/design  factors,  which  affect  f lying  range,  whies, 
makes  it  possible  to  make  some  conclusions. 


For  an  increase  in  t he  flying  range,  it  is  necessary  fo  have 

engines  with  least  possible  specific  consumption  of  f uel/prope llan 

Cc.  for  PD  and  TVD,  a p tor  THD)  . Aircraft,  intended  for  a flight 
C-  r 

under  the  conditions  of  goal  flight- 


The  wing  of  this  aircraft  must  have  large  effective  aspect 
ratio,  of  contemporary  subsonic  aircrart  the  elongation  composes 
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The  coefficient  of  the  minimum  profile  drag  must,  be  possible 
less  which  is  leached  by  the  successful  layout  of  aircraft  and  by  an 
improvement  in  the  aerodynamic  forms.  From  the  comparison  of  formulas 
(3.27)  and  (3.28)  it  follows  that  the  effect  of  wing  ispact  ratio  on 
maximum  flying  distance  of  aircraft  with  TRD  is  less,  but  the  off ec* 
of  the  coefficient  of  is  more  than  of  aircraft  with  propellers. 


An  increase  in  the  gross  weight,  leads  to  a decrease  in  the 
distance,  since  flight  in  this  case  is  accomplished  at  the  increased 
angles  of  attack  and,  this  means,  with  the  large  drag  coefficient  of 
aircraft.  However,  during  the  comparison  of  different  aircraft  types, 
one  should  consider  that  with  an  increase  in  the  dimensions  of 
aircraft  t he  available  fuel  reserve  increases  faster  than  the  gross 
weight  of  aircraft,  i.e.,  the  relation  of  increases, 

reaching  at  contemporary  aircraft  0.4-0. 5.  Consequently,  the  greater 
the  aircraft,  fact  easier  tor  it  to  ensure  an  increase  in  the  flying 
range. 


A contraction  of  area  of  wing  noticeably  manifests  itself  only 
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during  flights  at  the  speed,  close  to  maximum-  A contraction  of  area 
of  wing,  leading  to  an  increase  in  the  specific  wing  loaj  of 


fri,  /S’.  makes  it  possible  to  decrease  the  weight  of  airc  ra  f t with 
C p 

the  same  value  of  the  reserve.  During  a change  in  t.h“  temperature  of 


air,  the  hourly  consumption  of  the  fuel/propellant  of  turbojet  engine 
vary  directly  square  root  or  the  absolute  temperature: 


. Thus,  duration  of  flight  with  an  increase  of  temperature 

decreases,  as  concerns  flying  range,  then  it  remains  unchanged,  if  in 
flight  is  retained  the  assigned  tnach  number,  since  in  this  case  the 
flight  speed  increases  in  t lie  same  proportion,  as  fuel  consumption 

per  kilometer. 

Fol  aircraft  with  TVD  temperature  effect  on  distance  and 
duration  of  flight  appr ox iroa tel y the  same  as  for  aircraft  with  TPD. 
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For  piston-enyined  aircraft  a decrease  in  the  temperature  produces 
certain  reduction/descent  and  in  the  hour  of  the  expenditures  of 
fuel/propel larit  per  kilometer. 


DOC  = 76071  lift  PAGE 

Noticeable  efrect  or.  the  flying  range  and  the  radius  of  lotion 
can  show  wind,  especially  at  low  flight  speeds. 


The  velocity  of  aircraft  earth  referenced,  the  so-called  ground 
speed,  is  ejual  to  vector  sum  of  velocity  by  air  V (velocity  of 
aircraft  relative  to  air)  and  to  wind  velocity  u (Pig.  5.4).  Fuel 
consu  mpt  ion  per  k i loiutt?r  is  egual  to  hour,  divided  into  the  ground 
speed : 


<7«  = 


is 

3.6^  ' 


(5.29) 


If  flight  speed  and  wind  velocity  are  parallel,  then  the  fuel 


consumption  per  kilometer  is  determined  from  relationship 
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O = 

“ 3,6 (V  ± W) 


where  the  positive  sign  corresponds  to  tailwind,  and  "minus"  - 


contrary. 


In  the  general  case  the  velocity  vector  of  wind  composes  with 
the  vector  of  ground  speed  the  so-called  wind  anqle£.  In  order  to 
maintain  the  assigned  heading,  pilot,  taicinj  into  account  wind 
effect,  it  must  pilot  in  such  a way  that  the  vector  of  airspeed  of 
would  compose  with  the  assigned  heading  the  angle  called  drift 
angle . 


The  drift  angle  is  determined  from  velocity  -triangle  (seo  Fig. 


5.4)  according  to  the  theorem  of  the  sines: 
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. Consequently,  the  greater  the  ratio/relation  of  wind  velocity 

to  airspeed  and  than  more  by  sine  £,  the  qreater  the  drift,  anjle- 
Other  conditions  being  equal,  the  greatest  drift  anola  will  be  when  £ 
= * /2 . 


The  value  of  ground  speed  from  velocity  triangle  is  determined 
by  relationship 


Vm  = V cos  f -j-  UP  cos  t = V 


(5.31) 


DOC  = 76071336 


PAGE 


3x$ 


wind  effect  on  the  value  of  ground  speed  is  estimated  at 
calculations  at  the  velocity  of  the  equivalent  wind  of  , 
determined  from  equality 


V'.-V  + WW 


(5.32) 
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llonce,  utilizing  relationship  (5.31),  wo  obtain 


= V' cos  <p -}■ w-/ cos ' — V.  (5.33) 


. If  the  value  oi  equivalent  wind  of  definition,  tnen  equality 

(5.32)  makes  it  possible  to  calculate  ground  speed,  and  then 
according  to  formula  (5.29)  to  determine  fuel  consumption  per 
kilometer.  The  value  of  equivalent  wind  velocity  can  be  positive  and 
negative.  With  respect  to  this  equivalent  wind  will  be  incidental  or 
contrary. 


In  the  first  case  the  fuel  consumption  per  kilometer  decreases, 
and  distance  increases,  in  the  second  case  - on  the  contrary,  fuel 
consumption  per  kilometer  increases,  and  flyinq  range  decreases. 


Wind  affects  also  the  velocity,  which  corresponds  to  the  minimum 
consumption  per  kilometer.  This  velocity  can  be  obtained,  by 
displacing  the  origin  of  coordinates  for  the  curve  of  required  powers 
by  the  value  of  equivalent  wind  velocity  W (Fig.  5.5). 
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By  disregarding  the  effect  of  airspeed  on  the  vilu?  of  the 
hourly  consumption  of  f ue 1/propel 1 i nt , let  us  arrive  at  the 
conclusion  that  with  contrary  equivalent  wind  it  is  necessary  to 
increase  airspeed,  and  with  incidental  - to  decrease  in  order  to  fly 
with  the  minimum  fuel  consumption  per  kilometer.  However,  in  all 
cases  head  wind  produces  an  increase,  and  incidental  - a decrease  it. 
the  fuel  consumption  per  kilometer. 


The  value  and  the  direction  of  wind  velocity  along  course  are 
subjected  to  the  space-time  changes,  for  approximate  account  of  which 
is  determined  equivalent  wind  tLom  route.  In  the  first  approximation, 
route  l divide  into  n ot  individual  sections  by  length  th?  I • / i r: 
limits  ot  which  of  equivalent  wind  velocity  can  be  considered 
constant.  Toga  for  an  entire  route  of  equivalent  wind  velocity  will 


be  defined  as  sum: 
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w — w li-  . 

W »Ki  T j " •«»/  i 


(5.31) 


. Is  here  r e j i at ra t ion/accoun t ing  the  only 

three-di Bensional/space  nonunitormit V.  In  order  to  ascertain  that 
even  this  approximate  calculation  gives  sufficiently  reliable 
results,  *e  examine  the  effect  of  the  flight  speed#  velocity  and  wind 
angle  on  the  velocity  of  equivalent  wind. 

Page  10d. 

For  this,  from  formula  (5.33)  let  us  eliminate  the  value  of  drift 
angle  *,  after  using  relationship  (5-30)  ; 
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r,K,  = ^cosE  — V+\V‘— r*8in*«.  (5.35) 


Then  for  a velocity  increment  of  equivalent  wind  we  obtain 


where 


» 11/  5KU  , 1 I ^Kn  Ijv  J ^lKH  , . 

a^“*“"57“aV  +“*iFAW  — A“ 


dW., 


ov 


/1W  Y 

1-  (-  sin.) 


- I; 


sitl2  t 


d\V 


— - = COS  £ 


\/]-[v  H 


r 


dvr 


■ COSE 


-3-K~"=  - W sill  £ l H r~V 

* I . /.  /vr  . ,a 

I / I — I — - sine  1 


(5.36) 

(5.37) 

(5. 38) 

(5.39) 
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. First  term  in  ex  pression  (5.36)  makes  it  possible  to  evaluate 

the  effect  of  a change  in  the  flight  speed  to  the  value  of  equivalent 
wind,  calculations  show  that  the  change  in  velocity  of  tliyht  1 r. 
sufficiently  wide  limits  barely  shows  up  in  the  value  of  equivalent 
wind  even  when  € = t w/2  (Tabl.  5-  1). 


Data  Table  6.  1 make  i4-  possible  to  draw  the  conclusion  that  the 
value  of  equivalent  wind,  calculated  for  a flight  speed  BOO  km/h, 
with  sufficient  accuracy/precision  is  valid  for  the  broad  band  of 
flight  speeds.  Even  with  the  wind,  which  reaches  200  km/h,  error 
during  the  determination  of  equivalent  wind  does  not  exceed  2 o/o,  it 
the  deviation  of  speed  from  value  800  km/h  does  not  reach  200  km/h. 
Consequently,  there  is  no  need  to  make  calculations  for  each  flight 
speed  - sufficient  to  be  restricted  to  calculations  for  two-three 
flight  speeds,  which  cover  entire  range  of  flight  velocities. 


The  effect  of  value  change  of  velocity  of  wind  for  a velocity 
increment  of  equivalent  wind  depends  substantially  on  wind  angle  F as 
this  evidently  from  the  structure  of  the  partial  derivative  (5.38). 
The  greatest  partial  derivative  will  be  when  £ = 0 or  L = In  this 
case  will  occur  the  equality 


A ± AIT. 
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Table  5.1.  Dependence  of  equivalent  wind  velocity  on  flight  speed 
when  P = n /i  (V  = 800  km/h). 


AK 

KMltac 

(0 

W . 50 

-U~. 

1 KM  Mac 

in 

W = 100  km  '".a c 

f J > 

1 W'r  = 200  KMj'iac 

W Kll 

!^-HJ  o 

' KB 

KM  'HOC 
(!) 

AW'.k, 
km  1 vac 
i O) 

1 

AW^9Kn 

km  nar 
(l) 

| V 

V ,0 

v 0 

100 

0,15 

0,02 

0,62 

0,07 

2,50 

0,28 

100 

0,26 

0 ,04 

1 ,04 

0,15 

4,32 

0,62 

200 

0,25 

0,02 

1,01 

0. 10 

4,13 

0,41 

200 

0,70 

0,12 

2,82 

0,48 

12,10 

2,02 

1 


Key:  (1)  . km/h. 
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It  means  eiror  in  determination  the  value  at  equivalent  wind  at 
V = const  and  = const  it  does  not  exceed  error  by  the  determination 
of  the  velocity  of  wind. 


The  effect  or  a cnange  in  the  wind  angle  to  the 
accur  acy/pr  ecis  ion  vo  h which  is  determined  of  equivalent  wind 
velocity,  it  is  possible  to  examine,  utilizing  expression  for  the 
partial  derivative  (c>-  .19)  and  by  velocity  triangle  in  Fig.  S.u.  The 
greatest  effect  of  the  change  of  wind  angle  manifests  itself  when  <£  = 
r/2-  In  this  case  with  V = const  and  w = const,  we  obtain 


Air 


tKB 


W'Ae. 


. Increase  of  velocity  of  equivalent  wind  is  obtained 

i 

cotnpa  ra  1 1 ve  ly  small.  Since  U = 0.1  V and  increase  in  the  winl  angle 
■nd, 

AE  - 0.2  (11.5°),  erroL  in  the  determination  of  the  velocity 

of  equivalent  wind  will  be  2 o/o  from  the  value  of  airspeed. 


wind  always  manifests  itself  negatively  the  value  of  «-he  radius 


S4 
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of  action.  Let  us  show  this  for  the  case  when  airspeed  and  the  nourly 
consumption  ot  fuel/propellant  in  flight  from  the  place  of  flight  and 
during  return  flight  are  retained  unchanged.  Let  us  assume  also  that 
in  always  flight  speed  and  in  wind  direction  are  constant. 

For  the  first  half  of  flight,  the  speed  is  equal  to 

Vm  = V cos  cp  -|-  U>'  cos  ! . 


. In  accordance  with  expression  (S.29)  the  fuel  consumption  per 

kilometer  in  this  case  is  equal  to 

ii . 

3,(i(V  cos  ?-t-  W cos  t) 
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Fox.  the  second  half  of  flight  (return  route)  expression  ‘or 
determining  fuel  consumption  per  kilometer  will  take  form 


3.6  (V'  cos  tf  -p  IT  cos  (ji  — «)) 


. Each  kilometer  of  the  radius  of  action  aircraft  flies  twice 

back  and  forth.  3n  this  is  spent  the  amount  of  fuel/propellant 


or  after  exception/elimination  cos2  S from  denominator  with  the  aid 
of  relationship  (5.  JO) 
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<7. 


2?h 

3, 6V 


cos  y 


. The  value  of  Tlv”  ic  *ke  fuol  consumption  pec 

kilometer  in  flight  under  conditions  of  dead  calm  rouni  trip  the 
ways;  therefore 


cos  ? 


(5.40) 


Since  for  contemporary  aircraft  always  * < V and  cos  £ 1 , 


will  be  correctly  inequality 
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> ('/*)«'  -»• 


(5.41) 


. In  the  particular  case  when  wind  blasts  accurately  in  the 

direction  of  flijht,  formula  (^-40)  will  take  form 


flu  — (<7*)vr  — o 


. On  the  duration  of  fliqht  of  aircraft.,  besides  wind,  ex«rt 

themselves  the  effect  and  the  jet  streams,  which  are  encountered  on 
upper  boundary  oi  the  troposphere.  Their  speed  frequently  reaches 
100-1  50  km/h ; therefore  even  for  the  aircraft,  which  fly  at  a hiyh 
speed,  the  effect  of  jet  streams  turns  out  to  be  considerable. 
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SO,  from  tha  analysis  ot  689  flights  on  route  Moscow- Omsk  it 
followed  that  the  hit  probability  of  aircraft  into  -jet  streams  at  a 
rate  of  100  km/h  and  more  is  80  o/o  l. 


FOOTNOTE  1 - A-  M«  Baranov,  N.  l.  Mazurin  et  a 1.  , aeronautical 
meteoroloij  y , 1.,  3 i drom eteoizd at , 1966.  ENDFOOTNOTE. 
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In  1952  the  aircraft  flew  so  far  from  Tokyo  in  Honolulu  (6275 
km)  for  11  hours  instead  of  the  usual  18  hours.  During  September  1957 

tv-av, 

aircraft  rccom  pi  ishiny  voyage  Moscow  - New-york  (about  9^000 

km),  flew  this  distance  for  13  hours  of  30  minutes,  and  return  route 
from  Ncw-York  into  Moscow  flow  for  11  hours  of  7 minutes.  Even  it  to 
assume  that  the  speed  of  jet  streams  is  bygone  is  constant  in  value 
and  direction  during  entire  flight  time  into  New-fork  and  back,  then 
of  equivalent  wind  velocity  exceeded  80  km/h- 
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For  the  t ar  jet /pu r poses  o f the  useful  use  of  jet  streams  ir 
connection  with  tneir  effect  or  the  voyaging  velocity  of  aircraft  in 
many  countries  of  world,  are  carried  out  the  irtense  investigations 
of  this  me  ♦ eoro  lo  j ica  1 ihenomenon. 

PROBLEMS  FOR  REPETITION. 


1-  At  which  ingle  of  attack  the  flying  range  of  propeller-driven 
aircraft  is  maximum? 

2.  As  it  changes  by  height  (up  to  the  height/altitude  of 
ceiling)  the  minimum  tueL  consumption  per  kilometer  of  lircraft  from 

TRD?. 

3.  You  will  lepict  graphically  and  explain  the  dependence  of  the 

coefficient  of  the  distance  of  the  of  supersonic  aircraft 

on  k|ach  number. 


4.  At  which  ingles  of  attack,  the  distance  and  the  duration  of 


I 
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flight  of  aircraft  will  be  maximum? 

S.  As  affects  the  amnient  temperature,  other  conlitions  being 
equal,  the  distance  and  duration  of  flight? 

TASK. 


To  determine  the  [lying  range  of  aircraft  .Tu-  104  on  the 
horizontal  section  of  way  at  height/altitude  d = 8 km,  flying  »t 
cruising  speed  [ uode/condit ions  (P/V)W/-  ].  Fuel  load,  expen  led  or. 

the  horizontal  phase  of  flight,  is  equal  Qr  — /&,  hL  A change  in 
the  specific  expenditure  of  fuel/propellant  is  shown  in  Fig.  5.1L. 

the  indicated  nominal  rating  is  characterized  by  the 
relationship  ot 

P -0‘?Faan(0.?P  „ )..  During 

HOM  R3J7  rxa./. 

the  sclution  ot  problem,  it  is  necessary  to  use  Fig.  3.15. 


= 2,000  kin. 


Answer/response : L 
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Chapter  VI 


TAKEOFF  AND  LANDING. 


6.1.  The  basic  concepts  and  determinations. 
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The  takeoff  and  landing  are  the  most  critical  phases  of  flight, 
which  require  or  pilot  maximum  attention  and  accuracy/precision.  In 
data  statisticians,  the  greatest  percentage  of  emergencies  it  falls 
on  the  wave-off  conditions  and  landing;  therefore  to  takeoff  and 
landing  characteristics  of  aircraft  and  their  piloting  under 
conditions  of  takeoff  and  landing,  are  presented  the  special 
requirements,  which  cause  reliability  and  fliqht  safety.  These 
requirements  are  formulated  in  the  norms  of  airworthiness  of  the 
fliqht  vehicles,  accepted  by  the  international  organization  of  the 
civil  aviaUon  (ICAO).  Along  with  these  norms  ("  by  the  international 
standards")  in  the  separate/individual  states,  which  irran ge/loca to 
their  own  civil  aviation,  there  are  their  norms  of  airworthiness  (" 
national  standards"). 


The  takeoff  and  tne  landing  are  respectively  the  initial  and 
final  phases  of  flight  of  aircraft-  In  the  process  of  takeoff,  the 
aircraft  blows  away  from  the  Earth  and  gains  altitude  of  the  assigned 
echelon,  in  landing  process,  it  descends  from  the  height/a  It  it ude  of 
the  assigned  echelon  and  will  lurid  to  the  taneoff  and  landing  strip 
(runways)  of  airfield.  And  in  that,  and  in  another  case  the  flight 
speed  changes  in  the  process  of  flight;  therefore  the  motion  in  these 
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mode/conuit ions  is  b»ing  unsteady. 


Tie  aer od y na m ic  characteristics#  which  determine  flight  speed, 
depend  on  the  configuration  of  aircraft,  i.e. , the  combination  of  the 
Positions  of  the  wfnj  high-lift  device,  chassis/landing  gear  and 
external  suspensions.  By  the  norms  of  airworthiness  are  regulated  the 
characteristic  flight  speeds,  which  correspond  to  the  assigned 
configuration  of  aircraft,  let  us  give  the  determination  of  some 
characteristic  flight  speeds,  which  we  will  operate  subsequently. 


The  practical  minimum  speed  of  the  steady  flight  of  V min  np  1 S 

the  speed,  reached  during  a slow  decrease  in  the  velocity  down  to 
that  torg ue/momen t when  the  steering  control  of  the  elevator  control 
is  completely  is  selected  by  pilot  "on  itself". 


Page  111. 


The  practical  minimum  speed  or  the  steady  flight  corresponds  to 
values,  somewhat  less  than  ctup  in  the  assigned  configuration  of 
aircraft;  therefore  the  value  of  in  flight  at  this  speed  is 


DOC 


7608 1 J lb 


PACK  t*3.W7 


not  reached. 


The  speed  ot  the  d isr upt ion/separation  of  V'cp  is  the  speed, 
reached  during  a slow  decrease  in  the  velocity  (is  not.  mar"  than  1 . ^ 
km/h  during  1 s)  in  straight  flight,  with  which  appear  the 
oscillations  with  large  amplitude  relative  to  the  longitudinal  ot 
transverse  axis,  accompanied  by  the  partial  loss  of  controllability. 


The  minimum  safety  speed  of  the  takeoff  of  y»*  min  is  * h e 
minimum  flight  speed  at  which  under  conditions  of  failure  of  one  of 
the  engines  still  is  provided  the  aircraft  handling  in  straight 
flight  with  bank  not  more  than  0.087  is  glad. 


The  .,afe  speed  of  the  takeoff  of  V<sM  is  the  smallest  flight 
speed  at  which  is  allow/assumed  the  lift  of  aircraft  unier  condition 
ot  the  continuation  of  takeoff  with  failed  engine  to  the 
height/alti t ude,  necessary  foL  the  realization  of  its  subsequent 
land  i ng. 


besiues  the  indicated  speeds,  great  significance  to  evaluate  th 
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landing  data  at  aircraft  has  the  mentioned  previously  minimum  pitch 

speed.  According  to  the  conditions  of  flight  safety,  it  this  spec! 

are  not  allow/assumed,  since  on  the  approach  to  .of  cvmax  is  f ca:  :)l-> 

the  output/yield  of  aircraft  to  angles  of  attack  beyond  stalling  and 

/ 

its  "dumping";  however  it  is  tie  important  characteristic  of 
aircrart,  which  determines  t.hi  maximum  possibilities  of  a decrease  in 
the  velocity. 


6.2.  Takeoff  of  aircraft. 


The  takeoff  of  contemporary  aircraft  can  he  broken  into  three 
stages.  During  the  first  stage  (Fig.  6.1)  is  realized  take-off  rut  on 
runway.  The  basic  problem  of  takeoff/run-up  - to  acquire  at  is 
possible  short  langtn  tnis  speed  which  would  provide  lift-off  of  the 
aircraft  from  the  PW.  This  speed  is  called  of  the  unstick  speed  of 
K.irp.  According  to  the  norms  of  the  airworthiness  of  Votp  it  must 

exceed  not  less  than  by  lOo/o  minimum  pitch  speed  of  i'mln  in  takeoff 

configuration  under  the  conditions  of  idling  or  with  the  z°ro 
thrust/rod  of  power  plants  and  it  must  be  somewhat  more  than  the 
minimum  safety  speed  of  min*  The  distance  at  which  the  speed 

changes  from  zero  to  Votp,  is  called  takeoff  run  length. 
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In  the  second  stage  is  realized  the  acco leration/d isper sa 1 of 

aircraft  before  the  sate  speed  of  the  takeoff  of  VVi  with  the 

simultaneous  set  of  the  minimum  flight  altitude.  The  safe  speed  of 
takeoff  Vcc3i  should  exceed  minimum  theoretical  speed 

y i to  20o/o  tor  twin-engine  aircraft  and  to  1 5o/o  with  the  larger 
number  of  engines  and  the  minimum  safety  speed  of  K»,min  to 
10-15o/o.  The  value  of  the  minimum  height/.!  It  it ude  according  to  the 
norms  of  airworthiness  is  10  m.  The  distance  at  which  proceed  a 
change  in  the  speed  Iron  y to  ^6C3  and  the  gain  of  minimum 
altitude,  is  called  the  length  of  acceleration/dispersal. 
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Thu  distance  which  passes  aircraft  trom  the  beyinning  of 
takeoff/run- up  to  the  end  of  the  accel era t ion/d ispersa 1 , is  called 
the  takeoff  distance  of  Lt3„.  The  ♦akeeff  run  length  and 
acceleration/disper sal,  the  takeoff  distance,  the  unstick  speeds  aid 
the  sate  speed,  the  maximum  takeorf  weight  etc.  determine  the  taxeoff 
data  of  aircraft. 


In  the  third  stage  which  is  called  the  initial  climb,  the 
velocity  of  the  aircraft  of  the  is  increased,  close  to  most 
advantageous,  i nd  flight  altitude  reaches  approximately  400  m. 
Respectively  cnange  other  parameters  of  the  angle  of  attack,  the 
flight  path  angle  etc. 


The  profile  of  the  initial  climb  is  determined  by  the  class  of 
the  airfield  from  which  is  Lealized  the  takeoff,  since  near  th^  Earth 
of  the  condition  of  the  flow  about  the  aircraft  and,  consequently, 
also  the  formation  of  aerodynamic  forces  largely  they  differ  from  the 
same  during  flights  far  from  the  Earth, 

It  we  compare  the  distribution  of  pressure  during  wing  in  flight 
near  the  Earth  and  far  from  it  during  just  one  angle  of  attack,  then 
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it  will  sop®  tnat  in  flight  near  the  Earth  the  ev  acua  t i on/ra  re  f act  ion 
on  suction  side  of  wing  and  the  pressure  on  lower  grow/rise  (Fij. 

6.  *’)  , that  it  leads  to  an  increase  in  the  lift.  The  effect  of  the 
Earth  on  the  character  of  flow  around  of  the  wing  can  be  explained  by 
braking  tluw  in  space  between  the  wing  and  the  earth/ground  and 
respectively  a decrease  in  the  capacity  of  this  space,  that  leads  t o 
an  increase  in  the  local  velocities  above  the  wing  and  a decrease 
their  hearth  with  it.  That  means  at  small  angles  of  attack#  the 
eifect  of  the  Earth  is  expressed  in  an  increase  in  the  coefficient,  of 
hoist ing . 


On  the  other  hand,  an  increase  in  the  peak  of 
evacuat ion/r arefact ion  on  suction  side  of  wing  leads  to  an  increase 
in  the  downstream  pressure  gradient  in  its  rear  part.  From  the  course 
of  aerodynamics,  it  is  known,  that  the  more  the  peak  of 
evacuation/rarefaction  on  suction  side  of  wing,  the  earlier  ensues 
the  boundary-layer  separation*  Thus,  in  flight  near  tha  Earth  one 
should  expect,  a decrease  in  the  critical  angle  of  attack  of  a,.p  and 
C|/max-  The  typical  curve/graph  of  a change  in  the  c„  of  wing  near 
and  fat  from  the  Earth  is  giver  in  Fig*  b.J. 
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Fiy.  6.2.  Pressure  distribution  according  to  winy  surface  durinq  just 
one  anyle  ot  attack:  1 - far  from  the  Earth;  2 - near  the  Ear*h. 


Fiq.  6.J.  Dependence  of  Cy-f(aj  tai  from  Earth  (1)  and  near  Earth 
f2) 
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The  increase  of  lift  coefl icient  near  the  Earth  depends  on  the 
winy  aiea  and  distance  of  aircraft  of  the  Earth-  This  distance  i r. 
determined  from  the  excess  above  the  earth/ground  of  the  center  of 
mass  of  the  aircraft  either  of  the  trailing  edge  of  the  omitted  flap 

or  flap. 


To  each  aircraft  type  corresponds  its  take-off  distance.  This 
length  is  the  most  important  parameter  of  takeoff  data,  since  it 
determines  dimensions  runways  and,  consequent ly,  also  the 
size/dimensions  of  airfield. 

The  t akeof t/r u n- up  of  contemporary  aircraft  begins  "from 
brakes",  i.e.,  for  a contraction  in  length  of  takeoff /run- up,  pilot 
tempers  brake  only  after  engines  are  derived  on  takeoff  conditions. 
Depending  on  the  type  or  chassis/landing  gear,  the  takeoff /run- up  is 
realized  differently.  Of  nosewheel  airplanes,  the  ta  keoff /run-  up  to 
velocities  - (0.b-0.7)  V’0Tp  is  conducted  on  three  wheels;  then 
pilot,  selecting  knob/stick  on  itself,  it  breaks  away  fore  part /nose 
wheel  and  continues  takeof f/rtin-up  on  the  main  wheels.  The  breakaway 
of  forepart/nose  wheel  is  a llow/assumed  upon  reaching  of  the 
velocity,  which  ensures  the  aircraft  control,  which  moves  along 
runway,  by  means  of  aerodynamic  controllers.  Of  aircraft  with  tail 
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wheel  pilot  it  is  direct  attei  the  beginning  of  takeoff /run-  up, 
giving  up  knob/stick  on  itself,  it  noses  down  of  aircruit  and  ur^aP-; 
away  tail  wheel,  so  that  the  large  part  of  the  ta keof f/run-u p is 
accomplished  on  the  main  wheels. 


In  the  process  of  takeoff /run-up  the  velocity  of  aircraft  ard 
together  with  it  lift  they  gtow/rise.  At  the  end  of  the 
ta*teo f f/r un- up  when  the  velocity  of  aircraft  achieves  the  value  of 
Votp.  and  lift  will  be  equaled  with  the  weight  of  aircraft  and 
somewhat  will  exceed  it,  pilot  smoothly  increases  angle  of  attack  to 
Ootp,  and  aircraft  it  blows  away  from  the  Earth. 
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Fiq.  6.4.  The  simplified  diagram  of  the  forces,  which  act  on  aircraft 
with  ta keof f /ru n-u  p. 
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Unstick,  speed  it  is  possible  to  determine  by  formula 


V 


OTp 


gScy  0Tp 


(6.1) 


unstick  speed  it  is  found  in  direct  dependence  on  load  on  wing 
G/S.  01  contemporary  subsonic  passenger  liners  the  load  on  wing  is 
4900-5P80  N/m?,  i.e.f  4-5  times  more  than  for  the  aircraft  thirtieth 
- fortieth  years,  this  increase  in  the  load  led  to  the  corresponding 
elongation  of  the  takeoff  distance  which  for  contemporary  passenger 
aircraft  is  2.U-3.5  km. 


With  t akeo l£/r un-u p on  aircraft,  besides  aerodynamic  forces  and 
its  weight,  act  the  forces  of  friction  and  normal  pressure  (F^g. 
6.4).  Force  of  triction  p,  <js  is  known,  can  be  expressed  by  the 
coefficient  of  friction  f and  the  force  of  the  normal  pressure  N: 


F — fN. 


(6.2) 
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if  one  consifers  ti.at  the  trajectory  of  motion  with 
taxeoff/run- up  is  parallel  to  runway,  then,  by  design/pro  jecti  ng  the 
acting  forces  on  the  axis  Ox  and  Py  and  by  set/asr.u  ming 
cos(a±<pa,)  l in  view  of  the  smallness  of  the  angle  of  (o±q>ai), 

we  will  obtain  the  system  of  equations,  which  describes  the  motion  of 
aircraft  with  takeoff/run-up  in  the  form 


P X-F- 


mdV 


dt 


Y + N-C,„=0. 


(6.3) 


system  (fa.  J)  it  makes  it  possible  to  calculate  takeoff  run 
length,  we  convert  for  this  purpose  velocity  derivative  in  terms  of 
time  as  follows: 

dV  _ dV  dl__y  dV  __  1 dV% 
dt  dl  dt~  dl  ~ T ~dT  ’ 


(6.4) 
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then  ttOB  the  first  equation  of  system  (6.3)  we  will  obtain 


1 fT>  G.tJV' 

C27  J P.--X-F' 


or,  if  one  considers  that 


*=f*Vs- 


K=r  «'-S 
K=r,  2 o. 
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that  the  takeoff  run  length  will  he  expressed  by  formula 


1_ 


otp 


dV a 

S {.fey-  ex) 

t'ns.i  2(/„., 


(6.6) 


in  order 

length,  it  is 
P imi  ft  c*t 


to  calculate  according  to  this  formula  takeoff  run 
necessary  to  know  a change  of  the  parameters  of 
in  the  process  of  takeof f/r un-up 
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FOOTNOTE  1 . Usually  the  par  amet  prs  of  I-  *«•  c»  ar» 

assigned  graphically  depending  on  llight  speed.  FNDPOOTNOTE. 


The  integration  of  a similar  formula  not  only  analytical,  but 
also  by  graphic  methods  lifters  in  terms  of  large  complexity  and 
labor  expense,  in  consequence  of  which  in  engineering  practice, 
usually  they  use  the  approximation  formulas,  for  example: 


/ 


Gm,  3 Khs.i 


(6.7) 


where  the  K±3n  they  use  aerodynamic  fineness  ratio  with  takeoff. 


Coefficients  1/3  and  2/3  consider  a change  of  the  aerodynamic 
drag  and  force  of  friction  in  the  process  of  takeoff/run-up.  The 
coefficient  of  triction  f depending  on  runway  conditions  varies 


within  the  limits  of  0.03-0.10. 
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Unstick  speed  and  average  *-hiust.  on  takeoff  approximately  can 
determined  by  the  formulas: 


for  aircraft  with  TRD  f 7 PJX  - turbojet  engine] 


1/ » , 
v orp" 


«r 


1 ,82 — — 
Cll  H3.1 

;0,93P.,„; 


(6.8) 

(6.9) 


for  aircraft  with  TVD  [ T3M  - turboprop  engine] 
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3^3 


^m3.1 


Vlrp  sss  1 ,36  — — ; (6.10) 

CU  bs.i 

PCf^  9,33A\„,  (6.11) 


where  the  c>Ma  _ the  value  of  cy  in  takeoff  configuration. 


Page  118. 


Here  thrust  of  engine  and  gravitational  force  is  expressed  ir. 
newtons,  power  in  kilowatts,  the  speed  in  meters  per  second. 


The  second  stage  of  takeoff  as  has  already  been  indicated,  was 
intended  for  the  accelera tion/dispersal  of  aircraft,  to  the  safe 
flight  speed  of  and  sinultaneous  gain  of  minimum  (10  m) 

altitude.  There  are  several  methods  of  calculation  of  the  distance  or 
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tit  is  stage.  Simplest  of  them  is  the  energy  method  outlined  below. 


Total  energy  of  aircraft  at  the  moment  of  separation  of  its 
runway  is  equal  to 


£, 


2 

OTP 


2 


at  height/altitude  in  total  energy  of  aircraft  is  equal  to: 


106'. 


f r om 


2 
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a change  in  th«  total  energy  ot 
work  of  the  thrust/rod  of  engine  and 
motion;  their  difference  corresponds 
work  is  equal  to 


aircraft  occurs  because  of  the 
drag,  that  act  in  lirectior:  of 
♦•o  the  reserve  thrust  AP  whose 


A [Mljr.  HAft" 


if  we  after  AP  accept  certain  average  its  values,  equal,  for 
example,  the  halt-sum  ot  margins  of  thrust  in  the  beginning  and  end 
of  the  acceleration/dispersal,  then  a change  in  the  total  energy  of 
aircraft,  win  be  equal  to  the  product  of  the  average  reserve  thrust 
and  the  length  of  the  /paar.  n»e: 

A/?.,.—  £.  — £i=a a>  / 

*14  " 1 ^ rplp«)r.NnAt 

whence  we  obtain  formula  for  ^paar.iias  the  form 


l 


pa  ir.naft " 


^W3.1 

A />, 


cp 


1/2  — VZ 

V ft* 3 VOTp 


(6.  12) 
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trow  formula  (h.12)  it  follows  that  during  the  calculation  of 
/p«3r.nae  according  to  the  average  value  of  the  margin  of  thrust  of 

APep  indifferently,  according  to  which  trajectory  the  aircraft  gains 
minimum  altitude. 

By  totaling  takeoff  run  length  according  to  formula  (b.7)  and 
the  length  of  accelera  t ion/disf  orsal  according  to  formula  (b.  12),  we 
will  obtain  the  take-off  distance: 
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b. 8.  Landing. 


Ir.  landing  process,  occurs  braking  aircraft  to  the  smallest 
possible  (according  to  the  conditions  of  safety)  velocity  of  level 
flight  in  landing  configuration  with  a simultaneous  raduct ion/descent 
in  the  aircraft  from  the  minimum  height/altitude  of  landing  to 
height/altitude  0. 5-0.8  m above  the  level  runways.  According  to  the 
norms  of  airworthiness,  the  minimum  height/altitude  of  landing  is 
equal  to  15  m above  the  level  runways.  The  distance  which  it  passes 
aircraft  from  the  point  in  the  trajectory,  arrange/located  above  the 
runway  at  height/altitude  15  m , to  dead  lock,  it  composes  the  landing 
distance  of  Lnoc- 


Landing  of  early  construction  with  PD  \PP  - instrument  panel] 
was  made  several  stages.  During  the  pre-landing  glide  the  aircraft 
descended  recti  li  near  1 y to  height/altitude  5-8  m,  then  it-  was 
equalized  ana  passed  over  to  level  flight  to  he ig ht /a l t i t u de  2-1  m. 
After  this  in  the  process  of  the  so-called  speed  hold  it  was 
gradually  decreased  to  the  landing,  aircraft  it  parachuted,  it  landed 
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on  runway  and  landing  run  to  the  earth/ground  it  completed  landing. 


On  contemporary  aircraft  all  stager;  of  landing,  which  precede 
touchdown,  are  made  by  single  smooth  maneuver-  The  velocity  ot 
aircraft  at  the  end  ot  gl  id  ing/planning  (/ni  at  height/altitude  1r>  m 
usually  ot  exceeds  minimum  speed  is  more  than  to  30o/o.  To  land  at 
this  speed  it  is  cannot,  Lt  must  be  decreased  down  to  the  V„0 
which,  according  to  the  conditions  of  tliqht  safety,  must  be  more 
than  minimum  speed  approximately  to  10o/o„  Therefore  from  point  at 
height/altitude  15  m above  the  runway  to  touchdown  poin<",  speed 
smoothly  decreases  from  Vn.,  to  V',,„c. 


Thus,  for  contemporary  aircraft  landing  process  can  be  divided 

into  two  stages  (Fig.  6.5).  During  the  first  stage  occurs 

gliding/planning  aircraft  with  subsequent  a lignment/le veil ing  and 

simultaneous  descent  to  altitude  0.5-0. 8 m ; in  this  case  the  speed 

decreases  from  VD ,7  to  Vnoo  Upon  achieving  speed,  equal  l/uon,  the 

pilot  ceases  the  selection  of  lever,  the  value  cf  lift  as  a result  of 

the  continuous  decrease  in  the  velocity  becomes  less  than  the  weight 

ot  aircraft,  aircraft  parachutes  on  runway,  concerning  by  its  landing 

gear  wheels.  After  this  begins  the  second  stage  - range/path  on 

runway,  on  range/path  the  velocity  of  aircraft,  decreases  from  v 

r noc 
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to  zero. 


The  landing  distance  of  contemporary  aircraft  for  the  latter  f«o 
decade  substantially  increased  and  it  comprises  for  heavy  passenger 
aircraft  l.b-2  km. 

Page  120. 


For  providing  a care/drift  to  the  second  circle  (in  the  case  of 
incorrect  calculation  of  landing)  during  the  pre-landing  glide  the 
pilot  throttles  engines,  translate/trarsf erring  them  into  the 
mode/conditions  of  low  flight  gas.  The  thrUst/rod  which  in  this  case 
develop  the  engines,  decreases  the  flight  path  angle  of 
gliding/planning  in  accordance  with  formula 


K 


(6.  14) 
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this  decrease  in  the  flight  path  angle  (especially  significant 
for  aircraft  with  TRD)  it  is  possible  to  compensate  for  by  the 
appropriate  deviation  ot  wing  high-lift  device  and  by  decrease  in  the 
aerod ynamic  fineness  ratio,  for  example,  because  of  the  use  of  air 
brakes.  Usually  gliding/planning  is  made  with  the  flaps,  deflected  to 
angle  6 - 0.  *>2-0.  7 0 >s  g 


Ar‘  i“ctf>ase  in  the  angle  of  attack  for  the  tar  get /pur  pose  of  the 
pceservation/retent.  ion/maintaining  of  lift  at  the  decreasing  flight 
speed  is  admissible  to  angles,  to  0.04-0.06  is  glad  less  than  the 
critical,  determined  in  landing  configuration  aircraft.  The  excess  of 
the  indicated  limits  of  angle  of  attack  can  lead  to  unsymmetric  flow 
separation  from  wing  and  the  stalling  of  aircraft.  In  this  case,  one 
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should  remember  that  for  the  aircraft,  have  tail  wheels,  angle  of 
attack  at  the  er.i  of  the  maintainin'.]  must  not  exceed  the  tail 
clearance  angle  of  «cr.  but  for  a nosewneel  airplane,  must  be 
provided  for  distance  0,2-0. 3 m between  the  lower  edge  of  the  tail 
aircraft  component  and  runway. 


With  parachuting  concludes  flight  through  the  air.  After 
touching  by  wheels  runways,  aircraft  begins  range/path  on  runway. 
Aircratt  with  tail  wheel  realize  a landing  on  the  main  and  t d i 1 
wheels  simultaneously,  nosevheel  airplanes  they  are  sat  on  th^  main 
wheels  with  somewhat  a elevated  forepart/nose  wheel. 


The  total  lenyth  ol  the  sections  of  gl ii ing/pl ann i ng , 
align ment/le 'elling , ma i rta in i ng  and  parachuting  can  be  determined, 
by  utilizing  an  energy  method.  A change  in  the  total  energy  on  this 
section  will  be  equally 


DOC 


7b0813J6 


PAGE  373 


a£. 


the  work  of  drag  is  equal  to: 


-XI, 


■j.iapaw* 


equating  both  expressions  and  set/assu mi ng  approximately 
gm  ~r.  we  obtain  tne  following  formula  for  determining  the 

W 

-*»(  V~m~^  + «s) . («.  15) 
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Gliding  speed  and  landing  speed  it  is  possible  to  determine  by 

formulas 


/ 2C7boc 

\ 1>$<V  HA 

(6. 16) 

f 2^/n0c 

y cSc^boc 

(6. 17) 

the  values  of  Kcp.  cynn,  cVBoc  one  should  take  from  the 

aerodynamic  characteristics  of  aircraft,  obtained  in  landinq 
configuration.  Tentatively  it  is  possible  to  accept 
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/Cp=  6+7,5; 
^n,=10,5  + 0,7)ftllI1I,o«; 
r»  n»f  —(0,7  -i - 0,8) cy  M „_nnc, 


alter  touching  by  wheels  runways,  aircraft  beqins  the  range/path 
with  which  concludes  the  landing.  Pilot's  basic  problem  to  the  period 
of  range/path  - as  fast  as  possible  to  decrease  the  velocity  of 
aircraft  from  VW  to  zero.  In  this  case,  must,  not  arise  the  loads 
on  the  cell/elements  of  aircraft , which  exceed  the  permissible  in 
conditions  strengths. 


With  range/path  on  aircraft,  act  the  same  forces,  as  with 
ta keo f f /r’l r- up,  with  the  exception  of  thrust  which  can  be  considered 
equal  to  zero  (Kig.  6.6).  By  ues ig n/pr o ject in g all  the  acting  on 
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aircraft  torces  on  direction  of  motion  and  perpendicular  to  it,  w* 
will  obtain  the  following  equations  of  motion  with  the  range/path: 


* -t-A']  -j-  Arj  — (7noc  = 0, 

x+r.+r^-m^. 

at 


(6.  18) 


let  us  introduce  the  concept  of  the  given  coefficient  of  the 
friction  of  fop,  which  satisfies  conditions 

/nPAr=/ , /V,  -f-ZjA7,, 

% 

the  value  of  the  given  coefficient  of  the  friction  of  it 

depends  on  runway  conditions  and  the  e f feet  iv e ness  ot  antiskid  drive. 
Tentatively  it  is  possible  to  accept  /np™ 0,1 5-60,30. 
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Now  equation 


(6.18)  it  is  possible  to  write  ir.  the  form 


V+N-Gao  c=0, 

dV 

X + fnpX  = mn»c  • 


(6.  19) 


system  (6.19)  makes  it  possible  to  determine  landing  run  by 
runway.  By  substituting  in  the  second  equation  cf  system  (6.19)  value 
N from  tlie  first  equation,  we  will  obtain 


*+/.P  (c11„c-n=- 


d r 
rf< 


whence,  taking  into  account  that  according  to  (6.  U)  the  larivative 
dV/dt  = 1/2  dV<f/d  , we  will  obtain  the  following  expression  for 
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determining  landing  run: 


- =5i«c  (•  dv* 

"p4‘  2 g J X + f„f  (Gnnc—  Y)  ' 

0 


(6. 20) 


integral  (6.20)  is  calculated  by  numerical  or  graphic  methods# 
since  a change  of  parameters  X,  Y,  V in  analytic  functions  usually 
cannot  ue  expressed.  Formula  (6.20)  can  be  considerab ly  simplified# 
if  »e  calculate  /Hpo«  from  some  average  values  of  the  forces  of 
friction  and  impedance,  so,  by  set/assuming  in  formula  (6.20)  of 
G the  average  resisting  force  1 

3 


X ~ — 
c>  3 


where  the  Kct  - the  aerodynamic  fineness  ratio  with  of  a* aCT.  we 


will  obtain 
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Cp 


noc 


and,  consequently: 


/ 


■pad 


V 1 
noc 


j i_ 

3 K*r 


(6.21) 


FOOTNOTE  ».  Formula  for  determining  X.,  is  located  from  the 
condition  that  the  landing  is  realized  with  angle  of  ittacK, 
the  tail  clearance  angle  of  (OMt^***)*.  and  that  into  the 
torque/monent  of  landing  drag  X can  be  accepted  to  the  equal 


equal  to 


rt  qu ire.l 


thrust  of 


KNDFOOTnoTf- 
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The  overall  length  of  landing  distance  taking  into  account 
formulas  (6.15)  attd  (U-ll) 


L 


me 


J l_  2_ 

3 Kct  + 3 /np 


(6. 22) 


larding  distance  must  be  shorter  than  the  length  runways  1.5 
tines  and  in  the  failure  of  any  out  of  the  systems,  which  affect  the 
required  length  of  landing  distance,  it  must  not  exceed  the  available 
length  of  the  landing  strip,  which  includes  by  runway  and  clear  zones 


(KPB)  . 
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6.4.  Special  case  of  takeoff. 


The  special  case  of  takeott  is  the  takeoff  of  multienqine 
aircraft  with  failed  onqine.  Contemporary  passenger  aircraft  have  a 
sufficiently  large  th r u st- we iy h t ratio  in  order  to  carry  on*  a safe 
takeoff  even  witn  failed  engine.  Takeoff  with  failed  engine  more 
complex  in  piloting  in  comparison  with  normal  takeoff;  therofor^  to 
its  fulfillment  are  presented  the  increased  requirements. 


Depending  on  that,  into  which  torque/moment  occurred  the  engine 
failure,  takeoff  it  can  be  continued  or  discontinued.  In  the  first 
case  win  occur  the  continued  takeoff,  in  the  second  - interrupted 
flight  (Fig.  6.7).  The  selection  of  one  version  or  the  other  depends 
on  the  speed  which  it  has  an  aircraft  at  the  torque/moment  of  the 
engine  failure.  If  the  engine  failure  occurred  at  the  speeds,  close 
to  unstick  speed,  expedient  takeoff  to  continue,  since  in  this  case 
the  distance,  necessary  for  the  completion  of  takeoff,  will  be  less 
than  the  distance,  necessary  for  the  dead  lock  of  aircraft. 


The  question  concerning  the  velocity,  which  determines 


decision-making  to  continuation  oi  cessation  of  takeoff,  is  connectel 
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with  the  concept  of  the  critical  speed  of  the  takeoff  of 


Page  124. 


By  the  critical  speed  of  takeoff,  is  understood  greatest  the  reached 
by  aircraft  with  takeoff  speed  by  which  in  the  failure  of  engine  are 
equally  possible  both  the  sate  continuation  of  takeoff  and  the  safe 
cessation  of  take-off  within  the  limits  of  the  available  length  of 
landing  strip.  If  we  the  distance,  passable  by  aircraft  on  the 
continued  takeoff,  designate  AWon  (Fig-  6.7a),  and  on  that  which 
was  interrupted  - A/npcn*  (Fig.  6.7b),  then  critical  speed 
corresponds  to  equality 


M 


npon~ 


iipepn- 


taking  into  account  the  concept  of  critical  speed  the  solution 
to  the  question  concerning  the  selection  of  the  version  of  takeoff 
can  be  formulated  then:  if  speed  at  the  t or  .pie/ moment  of  the  engine 
failure  mor«  critical  (V/0tk>  l^p),  then  takeoff  must  be  continued;  it 
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speed  at  the  torque/momen t of  failure  is  lower  than  critical 
(V'„T„<V/Kp),  than  takeoff  must  be  interrupted. 


The  value  ot  the  critical  speed  of  1KP  can  be  determined  as 

follows. 

Is  expressed  A/„pepn  and  the  A/„poa  by  the  average 

accelerations  of  /u pep*  and  /npo.i.  which  develops  the  aircraft  on 
these  sections: 


V 2 

A/ 

OTK 

u,npepn 

2/cp.ppcp  i 

V2  — \ ’2 

A^npoji 

__OTp otk 

P.Hf  3\ 

(6.  23) 
(6.24) 


co®  pa  ring  formulas  (6.23)  and  (6.24)  with  formulas  (6.21)  and 
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(6.7),  let  us  find  expressions  for  determining  average  accelerations 
in  the  failure  of  one  engine: 


/cp  nptpii 


—g 


y'P^‘  S[(o\L  )cp  3 


(6. 25) 

(6.26) 


where  the  - the  aver  age/ntean  t hr  ust.-  we  ight  ratio  of 

V^IISJ  /cp 

aircraft  taking  into  account  the  failure  cf  one  engine. 


On  the  basis  of  conditions 

VotK  = V'KP;  A/„po,  = A/nptp»* 


we  will  obtain  the  following  expression  for  determining  the  critical 

speed  : 


(6.27) 
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Page  125. 


Formula  (6.27)  does  not  consider  time,  necessary  to  pilot  for 
making  a decision  about  the  cessation  of  takeoff;  therefore  the 
actual  value  of  V'):p  aust  be  somewhat  less  than  the  value,  determined 
according  to  this  formula. 


Interrupted  and  coutinueu  the  takeoffs  are  characterized  by  the 
distances  of  interrupted  L„a.ni»p»  and  CQntlnued  t h<*  opoS  ° 

takeoffs.  Accel  era t e-stop  distance  includes  distance  fro*  the 
beginning  of  t.a  keof  t/r  un-  up  to  the  dead  lock  of  aircraft  after  the 
cessation  of  takeoff;  the  distance  of  the  continued  takeoff  is  a 
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distance  from  the  beginning  of  takeof f/run- up  to  the  set  of  the 
minimum  height/altitude  10.0  m above  1«  vel  of  runway  with  the 
simultaneous  acceleration/dispersal  of  aircraft  to  the  speed,  equal 
to  the  sate  speed  of  the  takeoff  of  K0cj.  In  accordance  with  the 
norms  of  the  airworthiness  of  the  distance  of  interrupted  and 
continued  takeoffs  they  must  satisfy  the  following  conditions: 


a)  each  of  these  distances  must  be  not  the  more  available  length 

of  runway; 


b)  the  trajectory  of  the  Continued  takeoft  it  must  Pa  ss  with 
excess  not  less  than  u m above  the  external  end  the  runways; 


c)  during  the  cessation  of  the  takeoff  of  the  means  fox  braking 
(brake  of  landing  gear  wheels,  thrust  reversal,  interceptor/spoilers, 
etc.)  can  be  applied  only  in  the  range  of  the  velocities,  which 
ensure  their  safa  and  reliable  appl ica t ion/use  and  not  earlier  than  1 
s after  the  tor que/momen t of  the  engine  failure; 


d)  the  effect  of  the  action  of  the  supplementary  means  tor 
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braking  (besides  the  wheel  brakes)  can  be  considered  only  in  the  erase 
of  their  reliable  and  stable  operation,  checked  in  operation; 


e)  during  the  continuation  of  the  takeoff  of  the  means  for  a 
thrust  augmentation  of  engines  (extreme  mode/cond  it  ions)  , if  ar  • 
absent  the  automatic  means  for  their  connection/inclusion , they  can 
be  applies  not  earlier  than  3 s after  the  tor que/raoment  of  the  erign  j 

failure. 


6.5.  t'ffect  of  structural/design  factors  on  takeoff  and  landing 
characteristics  of  aiLcraft. 


The  number  of  structural/design  factors#  which  affect,  takeoff 
and  landing  characteristics,  includes  the  lead  on  wing  3/S, 
thrust-weight  ratio  p/u,  wing  high-lift  device  and  the  braking  system 
of  landing  gear  wheels.  The  effect  of  the  indicated  factors  directly 
follows  from  formulas  (6.13)  and  (6.22),  the  determining  lergth 
takeoff  and  landing  distances.  After  replacing  in  these  formulas  of 
Vera.  Votp,  Vnn,  V'dm  with  theii  expressions  from  (6.1),  (6.16)  and 

(6.17),  let  us  write  formulas  (6.13)  and  (6.22)  in  the  following 


f or  m : 


Page  126.  Load  on  wing,  from  expressions  (6. 2d)  and  (b.2^)  it 

follows  that  takeoff  an'1  landing  distance  they  increase  in  the  first 
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approximation,  proportional  to  load  on  wing  (1/S.  Load  on  t ho  wing  of 
passenger  aircraft  for  the  latter  20  years  increased  4-5  times,  which 
led  to  a deterioration  in  their  takeoff  and  landing  characteristics. 


The  thrust-weight  ratio  of  aircraft  has  a value  only  for  its 
takeoff  data.  From  formula  (6.26)  it  follows  that  with  an  increase  of 
thrust-weight  ratio  the  takeoff  data  of  aircraft  are  improved.  The 
thrust-weight  ratio  of  contemporary  aircraft  for  the  latter  20  years 
increased  approximately  1.5-2. 0 times  and  achieved  value  0.3-0.35. 
However,  this  did  not.  lead  to  a considerable  improvement  in  the 
takeoff  dafa  of  aircraft  dup  to  a more  intense  in  comparison  with 
thrust- weight  ratio  increase  in  the  load  on  wing. 


The  wing  high-lirt  device  is  the  powerful  means,  which  affects 
take-off  and  landing  cna ranter ist ics. 


On  all  contemporary  passenger  aircraft  is  utilized  one  way  or 
another  the  wing  high- lift  device  under  conditions  of  takeoff  - 
landing.  Applicati on/use  of  mecha ni zat ion/h ig h- li f t device  makes  it 
possible  to  raise  cv0 tp  and  cyaoc  and  thereby  to  decrease  the 
takeoff  run  length  and  range/path.  As  show  observations,  landing  run 
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with  the  use  oi  mechan i za t i or/h ig h- 1 i f t device  is  decreased  by 

25-35o/o,  and  of  takeoff/run-up  by  10-15o/o.  The  difference  in  the 

effect  of  mecna  niza  t lon/h  ig  h-  1 if  t device  is  explained  by  the  fact 

that  the  flap  deflection  of  wide  angles  leads  to  a decrease  in  the 

lift-drag  ratio  as  a result  ot  drag  divergence  and  an  increase  in  the 

and  therefore  on  takeotr  one  should  not  deflect,  flaps  at 

tad, 

angles  t>  > 0.26-0.  35  i g-1  a 4,  whereas  on  landing  flaps  can  be 
deflected  at  angles  6 = 0.85-1.1  irs — g-1  wd. 


Braking  wheels  on  range/path  determines  the  value  ot  the  given 
coefficient  of  the  friction  ot  /n p.  with  an  increase  of  the 

intensity  of  braking  the  coefficient  of  jnp  increases  and  with 
respect  decreases  the  landing  run-  Experiment  shows  that  the 
application/use  of  a braking  makes  it  possible  to  reduce  the  distance 
of  range/path  1. 5-2.0  times. 


At  aircratt  with  tail  wheel  braking  can  be  begun  lirectly  after 
landing  on  runway.  In  this  case,  one  should  bear  in  mind  that 
extremely  intense  brakinq  it  can  lead  to  nose-over#  if  resultant 
force  N and  F passes  behind  the  center  of  gravity  of  aircraft  (point 
T in  Fig.  6.8).  The  possibility  ot  nose-over  places  limitation  on  the 
intensity  of  braking. 
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Of  nosewhcel  airplanes,  the  initial  phase  of  range/path  is 
realized  on  the  mam  wheels  with  the  elevated  f oropart/nose  wheel.  In 
this  stage  of  range/path,  the  use  of  braking  is  undesirable  to  avoid 
the  sharp  lowering  of  aircraft  to  forepart/nose  wheel.  Usually 
braking  an  aircraft  of  such  type  begins  after  f orepart/noso  wheel 
will  touch  by  runway.  The  possibility  of  nose-over  of  nosewheel 
airplanes  is  ausent,  and  the  intensity  of  hraking  is  restricted  to 
the  heating  of  the  wheel  brakes  and  to  an  increase  in  the  wear  of 
pneumatic  tires. 

Operating  experience  shows  that  an  increase  in  the  drag 
coefficient  is  admissible  within  the  limits  of  /np —0,25-7-0,30; 
during  stronger  braking  the  wheel  begins  to  slip  over  surface 
runways. 


6.6.  Effect  of  operational  factors  on  takeoff  and  landing 
characteristics  of  aircraft. 

To  the  number  of  operational  factors,  which  affect  takeoff  and 
landing  characteristics,  they  are  related:  the  state  of  the 
atmosphere  (pressure,  temperature,  wind  and  of,  etc),  location 


i 
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runways,  its  gradient,  state,  etc. 


The  state  of  the  atmosphere  determines  the  ground  speeds  of 
aircraft  and  the  parameters  of  engines  and,  thus,  it  affects  its 
takeoff  and  landing  characteristics. 


So,  a change  in  temperature  and  pressure  of  medium,  on  one  hand, 
affects  point  of  tangency  with  takeoff,  with  another  - the  unstick 
speed,  set  of  heigh t/a 1 tit uae,  gliding/planning  and  landing. 


Air  density,  temperature  and  pressure  are  connects  i between 
themselves  by  eguation  of  state 


JL 
nr  ' 


(fi.  30) 


from  which,  for  example,  it  follows  that  with  an  increase  in  the  air 
pressure  at  constant  temperature  occurs  an  increase  in  the  density, 
which  leads  to  an  increase  in  the  point  of  tangency  of  engines.  As  a 
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result,  takeoff  anil  Landing  distance  in  accordance  with  formulas 
(6.28)  and  (b.29)  they  will  be  reduced.  On  the  other  hand,  an 
increase  of  temperature  it  leads  to  a decrease  in  the  air  density 
and,  consequently,  also  the  engine  thrust,  which,  in  turn,  produces 
an  increase  in  th°  takeoff  and  landing  distances. 


In  the  absence  of  wind,  the  ground  speed  of  Vn  will  be  equal 
to  the  flight  speed  of  V.  With  wind  velocity  W,  the  directed  to 
axle/axis  runway  at  an  angle  e,  the  projection  of  wind  velocity  on 
axie/axis  runways  is  equal  HP cose,  therefore  ground  speed  will 
comprise 


V m — V + UP  cos  *. 


(6.31) 
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Positive  sign  is  taken  with  tailwind,  sign  "minus"  it  is  taken 
with  contrary.  Consequently,  on  takeoff  with  head  wind  of  V'otp  and 
VVs  will  be  reached  at  less  ground  speeds  and  the  take-off  distance 
it  decreases,  but  on  downwind  take-off,  the  take-off  distance  will 
increase.  In  exactly  the  same  manner  the  length  of  landing  distance 
decreases  with  head  wind  and  will  increase  with  incidental.  Wind 
effect  on  the  length  of  takeoff  or  landing  distances  decreases  with 
an  increase  in  the  Vnoc  and  V0tp.  since  the  more  the  value  of  these 
velocities,  the  lesser  portion/fraction  in  the  value  of  the  ground 
speed  of  yn  in  expression  ( 6 - 31)  it  comprises  the  ter®  of  ±U'cose. 
But  sometimes  wind  can  exert  a substantial  influence  on  the  Length  of 
takeoff  and  landing  distances.  For  example  at  landing  speed  170-270 
km/h  and  the  speed  of  head  wind  5 m/s  a contraction  in  length  of 
range/path  in  comparison  with  the  landing  run  of  the  same  aircraft 
with  dead  calm  will  be  25-28o/o. 


The  place  of  arrangement  runways  ty  height  above  sea  level  and 
its  gradients  also  affect  the  value  of  the  distance  of  takeoff  or 
landing.  With  an  increase  in  the  absolute  mark  runways,  decreases  the 
air  density,  and  consequently,  they  increase  takeoff  and  landing 
distance.  Experiment  shows  that  up  to  height/altitudes  4000  m an 
increase  in  the  length  of  takeoff  and  landinq  distances  a p pr oX i ma t el y 
to  lOo/o. 
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During  takeott  ind  landing  on  the  runway,  which  slopes,  on 
aircratt  comes  into  action  the  secondary  force,  determined  by  th« 
projection  ot  the  weight  of  aircraft  on  direction  of  motion  G sire  i 
(Pig.  6.9).  During  the  motion  of  aircraft  under  gradiont,  this  force 
leads  to  a decrease  in  the  t ake of f/r un-up  and  an  increase  rr  the 
cange/path;  during  the  motion  of  aircraft  for  lift,  on  the  contrary, 
it  leads  to  an  increase  in  the  takeof t/run- up>  and  a decrease  in  the 
range/path. 


Runway  conditions  affects  the  values  ot  coefficients  f and  of 

X A decrease  in  coefficients  of  f and  X leads  to  an  increase 

Tnp  ~n p 

in  the  landing  tun  and  a decrease  in  the  takeoff  run  length  and,  on 
the  contrary,  an  increase  in  coefficients  f and  in  the  -fnp  leads  to 
an  increase  in  the  takeoff  run  length  and  a decrease  in  the  landing 

run. 


Page  129 
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A change  in  coefficients  of  f and  can  be  caused  by  different 

reasons  (rain,  icing  runways,  etc.).  For  example  icing  runways  leads 
to  a red uct ion/descent  in  the  coefficient  of  £ np  1*5-2  times  and  an 
increase  in  the  landing  run  to  30-50o/o;  an  increase  of  coefficient  f 
from  0.01  to  0. Oft  increases  takeoff  run  length  to  19-20O/O. 


6.7.  Ways  of  an  improvement  in  the  takeoff  and  landing 
characteristics  of  aircraft. 


The  problem  of  an  improvement  in  the  takeoff  and  landing 
characteristics  of  contemporary  aircrait  is  at.  present  sufticiontly 
acute.  From  its  successful  resolution  in  many  respects,  depends  the 
concurrent  ability  of  air  transport  in  the  future#  sinc«  the 
deterioration  in  the  takeoff  and  landing  characteristics  led  r o an 
increase  in  the  postwar  years  of  size/dimensiors  and  cost  of 
airfields  and  to  the  contraction  ot  the  grid/network  of  the  airfields 
on  which  can  operate  contemporary  aircraft. 

Above  it  is  bygone  said  that  the  basic  factors,  which  affect  the 
length  of  takeoff  and  landing  uistances,  are  values 


DOC 


7t>0H  1 J Jf> 


PAGE 


O/S, 


^ Ka„, /. 


these  factors  actually  at:d  determine  the  possible  ways  of  an 
improvement  in  the  takeoff  and  landing  characteristics.  Let  us 
examine  tnem  in  more  detail. 

The  decrease  in  the  specific  wing  load  is  effective  means  of  an 
improvement  in  the  takeoff  and  landing  characteristics.  However#  t 1 i 
way  is  least  acceptable,  since  an  increase  in  the  maximum  speed  and 
distance  requires  increase,  but  not  decrease  G/S.  Furthermore, 
decrease  G/S,  possible  either  because  of  decrease  in  G or  because  of 
increase  in  S,  leads  to  a decrease  in  the  useful  load  ratio,  which 
makes  the  cost -ef f ect i veness/e t t iciency  of  the  operation  of  aircrift 


worse 
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An  increase  in  the  cymnx  is  the  sufficiently  effective  meant; 
for  an  improvement  in  the  takeoff  and  landing  characteristics.  Is 
connected  it  witii  an  increase  in  the  effectiveness  of  tha  high-lift 
wing.  At  all  contea pora ty  aircraft  has  one  wing  high-lift  device  or 
the  other.  For  the  latter  15-20  years  the  effectiveness  of 
mechanization/high- iif t.  device  is  bygone  is  considerably  raised 
because  oi  the  application/use  of  slot  and  multislot  extension  flaps 
slats,  deflected  loading  edges  etc-  This  made  it  possible  to  raise 
the  value  of  CymSt  to  2.  5-2.  8.  A further  increase  in  t h?  Gyma*  is 
restricted  to  the  flow  separation,  which  appears  above  flaps  during 
their  deviation  of  wide  angles.  For  dealing  with  this  phenomenon  at 
present  increasingly  wider  begin  to  be  utilized  the  different  method 
of  boundary  layer  control  (CD L)  . 


The  physical  essence  CBL  entails  this  effect  on  separated  flow, 
which  leads  to  the  liquidation  of  its  breakaway  and  the 
restoration/reduction  of  the  evenness  of  the  flow  about  leflected  to 
the  wide  angle  of  flaps.  There  are  several  methods  C3L.  Most 
investigated  of  them  are  suction  and  blowing  of  boundary  layer. 
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blowing 
side  of 
flap;  c) 


boundary  layer  on  pressure  distribution  according 
wing;  a)  there  is  no  blowing;  b)  blowing  from  the 
blowing  f r cm  the  spout  of  wing  and  spcut  of  flap. 


to  suction 
spout  of 


Key;  (1).  Rotational  axis.  (2).  Disruption/separation.  (3).  Blowing. 
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The  suction  of  boundary  layet  from  breakaway  zone  (Fig.  6.10) 
inside  wing  or  tlap  with  the  aid  of  special  pun.p,  contributes  to  the 
attraction  of  separated  flow  and  to  the  restoration/red uct ion  of 
nonse parated  flow.  The  investigations  showed  that  when  the  large 
breakaway  zones  ire  present,,  occurring  above  the  deflected  flaps, 
suction  it  has  small  effectiveness,  and  therefore  it  is  applied 
predominantly  for  the  laminarization  of  boundary  layer  in  the  rear 
end  of  the  wing  under  cruising  conditions  of  flight. 


Blowing  boundary  layer  is  more  effective.  With  the  use  of 
blowing  the  nonseparatea  flow  above  flaps  it  is  possible  to  obtain  up 
to  angles  6 - 1.4-1.55  is  glad.  The  physical  flow  pattern  of 
airtoil/prof ile  under  conditions  CBL  by  blowing  is  shown  in  Pig. 

6.11.  During  the  flap  deflection  of  the  wide  angle  above  the  flap, 
appears  the  separation  of  flow  (Fig.  6.11a).  In  breakaway  zone,  the 
pressure  changes  very  little,  pressure  gradient  dp/dx  is  close  to 


zero 
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The  injection  of  jet  to  the  7on»i  of  disruption/separation  leal  ; to 
the  restoration/reduction  of  the  nonseparated  flow,  which  is 
characterized  by  gradient  dp/nx  > 0.  T n this  case#  the  curvature  of 
flow  lines  on  the  upper  surface  of  a ir f oi 1/pr o t i 1 e increases  and  wi‘n 
respect  increases  evacuation/rarefaction. 


With  intense  injection  the  curvature  ot  flow  lines  can  increase 
so,  that  will  occur  the  separation  ot  flow  of  the  leading  edge  of 
airfoil/prof ila  (Fig.  o.llb).  tor  the  liquidation  of  breakaway  oi  the 
leading  edge  of  air foil/ptof ile,  is  applied  supplementary  blowing 
from  leading  edge  {Fig.  6.11c). 

The  effectiveness  of  blowing  depends  on  the  value  of  the 
momen  tu  m/iuipulse/[>u  lse  of  the  blown  out  jet,  which  is  characterized 
by  the  coefficient  of  the  intensity  of  blowing 


<V 


mV. 


where  m - the  mass  flow  per  second  of  the  blown  out  air;  V, 


t he 
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speed  of  blowing;  pV2/2  - velocity  heart  of  the  incident  flow;  s'  - 
the  winy  area,  operated  C9I.  (see  Fig.  6.12). 


The  increase  in  the  lift  coefficient,  obtained  as  a result  of 
applying  blowing,  is  proportional  to  the  coefficient  of  the  intensity 
of  however,  the  character  of  its  increase  is  various  with 

different  c „ (Pig.  6.12).  With  low  occurs  a sufficiently 

energetic  increase  in  the  Ac„,  and  then  after  certain  value  of 
ei»=eM  the  intensity  of  an  increase  in  the  Ac„  falls.  Is  explained 
this  phenomenon  by  the  fact  that,  at  first  in  proportion  to  the 
increase  in  the  c„  is  eliminated  the  zone  of  disr upt ion/se pa  rat i on 
above  the  flap  and  is  reduced  nonseparated  flow.  Up  to  the 
torque/mouient  of  r|1  = r1 lX  the  nonseparated  flow  is  reduced 

completely.  With  ^>c^A  an  increase  ir  the  Ac„  occurs  only  as  a 
result  of  strengthening  circulation  around  wing,  and  therefore  the 
intensity  of  the  increase  of  Ac„  decreases. 


In  practice  the  coefficients  of  c ? are  realized  only  to  the 

values  of  . The  obtained  in  this  case  increases  in  the 

are  -SO-8O0/0  of  the  values  of  cw  without  CBL.  Thus,  the 
application/use  of  blowing  mak.es  it  possible  to  increase  the 
effectiveness  of  mechan  izat  ion/h igh- lif t device  1.5-2. 0 times. 


Fig.  6.13.  Int  erccp tor/spoi  ler. 


Key:  (1).  I nt er  cep  tor/s po i ler . 
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An  incrpjse  in  the  take-off  thrust  of  - is  checked  in 

‘'k*J 

operation  by  the  means  for  an  improvement  in  the  takeoff  data,  re- 
connected with  the  per fection/improvement  of  power  plants  is  reached 
either  by  means  of  the  boosting  of  engine  operating  modes  on  takeoff 
or  because  of  the  a ppi ica t ion/use  of  boosters.  In  the  mol e /con  1 i t i ons 
of  afterburning*  the  *ake-off  thrust  is  increased  to  20-dOo/o.  Ate 
more  effective  the  starting  velocities,  which  are  the  supplementary 
engines  of  1 iguid- j et/react ive  or  powder  types,  establish/installed 
in  aircraft  and  detached  from  it  after  the  completion  of  takeoff. 


A decrease  in  the  lift-drag  ratio  on  landing  makes  it  possible 
suost  ar.  t ia  1 1 y to  reduce  landing  run.  In  order  to  maximally  decrease 
the  lift-drag  ratio,  it  is  necessary  to  increase  cx  and  to  iecr<'as-* 
the  c„.  For  this  purpose  are  utilized  the  i ntercept  or /sp  oi  le  t s,  air- 
brake, brake  parachutes,  reversal  of  the  thrust,  gripping  device 
(airesting  (ears),  etc. 


one  of  the  most  effective  means  for  a decrease  in  the  lift-drag 
ratio  ii.  the  installation  during  the  wings  of 

interceptor/spoiler-planes,  capable  of  being  advanced  into  flow  (Fig. 
fe.11).  During  the  advancement  of  interceptor/spoilers,  sharply  falls 
lift  (as  a result  of  flow  separation  after  interceptor/spoiler)  and 
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increases  drag.  Interceptor/spoilers  make  it 
lift-drag  ratio  d-ll)  times.  Lilt  convergence 
the  normal  reaction  ot  the  wheels  of  landing 
- to  an  increase  in  the  force  ot  friction  ot 
ear th/g round. 


possible  to  decrease  the 
leads  to  an  increase  in 
gear  and  as  consequence- 
wheels  ajainst  the 


Ail  brake  as  interceptor/spoilers,  represent  by  themselves  the 
being  advanced  in  flow  areas,  establish/installed,  as  a rule,  in 
fuselage.  During  the  setting  up  of  brakes,  the  effect  of  lift 
convergence  is  not  realized,  and  lift-drag  ratio  decreases  only 
because  of  drag  divergence,  the  same  effect  creates  the  brake 
parachutes,  used  on  very  many  aircratt,  and  the  arresting  gears  (fig. 
6.14),  used  mainly  for  the  aircraft,  which  realize  a landing  on 


aircraft  carriers 
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6.14.  Diagraa  of  the  work  of  arresting  gear. 


Pig.  6.15.  character  of  the  effect  of  thrust  reversal  on  landing  run. 
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Key:  (1).  Kith  the  reverse  of  thrust/rod.  (2).  Dry  airfield.  (3). 

without  thrust  reversal.  (4).  with  reverse  of  thrust;  (5)  Iced  tip 
airport.  (6)  . Without  thrust  reversal. 
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A considerable  contraction  in  length  ot  Cange/path  can  he 
obtained  when  using  a reverse  thrust,  of  aircraft  with  TVD  f 
turboprop  engine],  it  is  created  because  of  the 

translation/conversion  of  propeller  blades  during  ranje/path  into  low 
pitch,  realized  by  reuioval/taking  propeller  blades  from  intermediate 
stop  after  aircraft  will  touch  by  runway  by  forepart/nose  wheel.  Are 
applied  also  the  so-called  reversible- pitchs  propeller,  which, 
besides  usual  moia/conditions,  can  work  in  the  mode/conditions  of 
reversal  of  the  thrust  when  propeller  blades  are  establish/installed 
by  the  system  ot  reversal  in  such  a way  that  flow  would  attack  on 
them  at  negative  angles  of  attack.  The  created  in  this  case 
thrust/roi  will  in  sign  coincide  with  the  direction  of  reverse 
thrust,  and  in  value  it  can  be  regulated  by  the  system  of  reversal. 


Thrust  reversal  on  TRD  [ - turbojet  engine]  is  obtained 

because  of  tne  rotation  of  the  coming  out  from  nozzle  jet. 
Application/use  of  a thrust,  reversal  makes  it  possible  to  reduce 
landing  run  to  25- JO o/o.  Especially  effective  turns  out  to  be  the 
application/use  of  a thrust  reversal  during  landing  on  the  iced  over 
runway  (Fig.  6.  15)  . 


The  furthar  development  of  the  problem  of  an  improvement  in  the 
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take-off  and  landing  character istics  of  aircraft  is  the  creation  of 
the  apparatuses  of  shortened  and  vertical  takeoff  and  landing. 


Page  134. 


PROBLEMS  FOR  REPETITION. 


1.  Why  the  motion  of  aircraft  during  takeoff  and  landing  is 
being  unsteady? 


2.  How  does  affect  the  proximity  of  the  Earth  the  unstick  speed 

of  Vo»»  and  landing 

3.  At  which  criterion  is  estimated  the  need  for  the  cessation  of 
takeoff  or  its  continuation? 

4.  Which  factors  do  affect  the  length  of  takeoff  and  landing 
distances?  Which  of  them  are  most  effective? 
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2.  The  landing  run  ot  aircraft  under  conditions  of  horizontal 
runway  is  1000  m.  To  determine,  on  how  many  percent  decrease  landing 
run  of  the  same  aircraft,  if  it  sits  down  on  the  runway,  which  has 
the  positive  gradient  i = 0.087  i-e — gla-d*  Value  of  the  given 
coefficient  ot  friction  and  ouality  at  ground  angle  of  attack  to 
accept  equal  /tp-o,I5;  /Cc,-i2. 

The  solution: 
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PROBLEMS. 

1.  utilizing 
the  average  values 


a system  of  equations  (6.3)  and  of  expression  for 
of  the  resisting  forces  and  lift  on  ta  keotf  /rur.-up 


3 


G|»3T 

^»S.l 


CP 


to  show  that  the  complete  time  of  take-off  run  cn  runway  can  b 
determined  by  formula 
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with  range/path  for  the  runway,  which  slopes  i,  the  s 
equations  (6.19)  of  signs  the  torn: 


y + N — C cos  i =~  0, 


X ± G sin  l + /„  ,N  — 


(1) 


(positive  siyn  is  related  to  gradient  i > 0,  minus  siqn  it 
to  gradient  i < 0)  . By  utilizing  for  xep,  the  fcp  of  the 
expressions,  given  into  in,  it  is  possible  to  obtain  for 
landing  run  of  aircraft  from  inclined  runway  formula 


l 


npoD  i^o  — 


_3 

2g 


y ^ ^ * sin  1 + fnp  (3cos  1 — 1) 


(2) 


ystotn  of 


is  related 


the 
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from  the  comparison  of  formulas  (2)  and  (6.20)  it  follows  tha* 


^n[c.6  /t*0  * + 2/npKc, 

lnpoti-0  H-^Cct  7rp  (3cos  i — !)  ± 3sin  i) 


(3) 


4 


after  substituting  into  formula  (3)  initial  data  problems,  we 
will  obtain  that 


l"?"8 = 0,594. 

^npofl 


thus,  landing  length  of  aircraft  on  the  runway,  which  slopes  i 
0.087  is  glad,  it  decreases  by  40o/o. 
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